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dit proefschrift 
2. Modelecosystemen dienen in getrapte toetssystemen voor de beoordeling van 
milieurisico van chemicaliën reeds na de eerste screeningsfase te worden 
ingeschakeld. Hierbij dient niet noodzakelijkerwijs gestreefd te worden 
naar standaardisering. 
J. van de Harst, F. Schmidt-Bleek, J.F. de Kreuk en K.O. Günther. 
Ecotox. Environm. Safety 5, 377-381 (1981). 
dit proefschrift 
3. Doorgaans wordt in mariene model plankton systemen een successie van het 
fytoplankton waargenomen in de richting van micro-flagellaten. Deze wordt 
eerder veroorzaakt door selectieve vraat door copepoden dan door verminderde 
turbulentie in de modelecosystemen. 
G.D. Grice, M.R. Reeve, P. Koeller en D.W. Menzel. 
Helgoländer wiss. Meeresunters. 30, 118-133 (1977). 
J.H. Steele en J.C. Gamble. In: G.D. Grice en M.R. Reeve (eds.) 
Marine Mesocosms, Springer Verlag, New York. pp. 227-237 (1981). 
dit proefschrift 
4. De wijze waarop Menzel en Steele tot een optimaal volume van een model 
plankton systeem komen, is onvoldoende gebaseerd op metingen of argumenten. 
D.W. Menzel en J.H. Steele. 
Rapp. P.V. Réun. Cons. int. Explor. Mer 173, 7-12 (1978). 
5. Binnen de OECD en de EEG zijn recent afspraken gemaakt, waarbij kortdurende 
toxiciteitstoetsen worden voorgeschreven, voordat nieuwe chemicaliën op de 
markt toegelaten worden. Dergelijke toxiciteitstoetsen zijn onmisbaar voor 
een eerste screening, maar zijn ongeschikt voor de beoordeling van het 
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1. INTRODUCTION 
Modern industrialized societies produce large amounts of chemical waste. 
Accidents during production and transport and deliberate disposal of wastes 
in the sea may cause severe pollution problems. An important aspect of eco-
toxicology is the development of test procedures which can be used to pro-
duce information about the fate and effects of pollutants in ecosystems. 
This information should help the autorities to set standards limiting damage 
to the ecosystem in question (Hueck and Hueck-Van der Plas 1976). 
Ecotoxicology, however, is still in its infancy (Hueck-Van der Plas and Hueck 
1979) and the test procedures being considered for national or international 
use must be submitted to continuous review. In particular the large gap be-
tween the laboratory and the field needs to be bridged. In ecotoxicology eco-
logists and toxicologists must cooperate to gather information on the toxici-
ty of chemicals in ecosystems. No test can give conclusive evidence that a 
pollutant is biologically harmless, but the tests used should provide infor-
mation needed to judge environmental risks, as required by, for instance, the 
conventions of Oslo or London. 
Because pollution problems occur in the field, it seems logical to assess the 
influence of pollutants in field experiments. In most cases, however, it is 
impossible to experiment with the natural marine system, although oil spills 
and other dumping practices might be considered as large scale experiments 
(e.g. Boucher 1980, O'Sullivan 1978). 
Most studies in the field of aquatic toxicology, biodégradation and bio-
accumulation are performed in the laboratory. Although these experiments 
yield useful information, extrapolation of the results to field conditions 
is difficult. The deficiencies of small scale laboratory experiments have 
been recognized by many authors (Gray 1974, Menzel and Case 1977, Zeitschel 
1978, Perkins 1979, De Koek and Kuiper 1981). 
The shortcomings of laboratory tests are most apparent in short-time (acute) 
tests. 
The dose applied in such standard laboratory tests can differ from that 
reaching the biota under natural field conditions. Differences arise from: 
a. the chemical form of a pollutant. In nature it may be chelated by organic 
ligands, complexed, adsorbed, transformed, etc. 
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b. the duration of the stress applied. Persistent pollutants in nature 
generally act on a much larger time scale. This difference is especially 
important with organisms with long generation time. 
c. the concentrations of the pollutants. In nature sublethal effects may have 
significant consequences for the survival of populations at much lower 
concentrations of the pollutant than those in laboratory tests aiming at 
establishing LC50. 
d. interactions with other chemicals and other environmental characteristics 
(temperature, etc.) typical for a certain field situation. 
Apart from the dose, other factors in experimental design are important. In 
simple laboratory tests ecological effects cannot be detected. This results 
from a number of factors: for example, the choice of an appropriate inoculum 
in biodégradation tests, or the choice of test organisms in toxicity and 
bioaccumulation studies. Normally only a limited number of marine species, 
which can be maintained easily in the laboratory, is available; many open 
sea species cannot be maintained or cultured in the laboratory. The diffi-
culties with the extrapolation from laboratory to natural circumstances is 
also clear from the monospecies character of most laboratory tests, neglect-
ing the multi-species interactions typical for the marine foodwebs. These 
interactions between different species are of fundamental ecological impor-
tance in nature. Appropriate marine foodwebs of more than two trophic levels 
(primary producers and herbivores) are, however, not easily sustainable in 
normal laboratory facilities, because of the spatial and temporal dimensions 
needed and the costs involved (Menzel and Steele 1978). 
It is clear that methods should be developed which enable the results of 
ecotoxicological experiments to be extrapolated to natural conditions. To 
evaluate the fate and effects of pollutants many authors (Ringelberg and 
Kersting 1978, Saward et al. 1975, Dortland 1980, Oviatt 1980) have recently 
used more complex systems that may be regarded as approximating field con-
ditions more closely than do laboratory experiments. 
In aquatic ecology Stepanek and Zelinka (1961) were one of the first to use 
large, flexible enclosures, suspended in natural waters, to study the rela-
tion between the plankton and its biotic and abiotic environment. McAllister 
et al. (1961) were probably the first to use this approach in the marine 
field. Since then many investigators have isolated part of the natural en-
vironment in large plastic enclosures (e.g. Schelske and Stoermer 1972, 
Menzel and Steele 1978, Davies and Gamble 1979, Brockmann 1980, Kerrison et 
al. 1980, Gächter 1979, Glesy 1980, Grice and Reeve 1982). The general aim 
of these investigations is to bridge the gap between laboratory and field 
conditions. 
The method has several advantages. Wall effects in large bags are much less 
significant than in laboratory cultures and many samples can be taken without 
excessive disturbance of the system. The large volume allows experimentation 
with several trophic levels and with organisms, which are often difficult to 
culture or even to maintain in the laboratory. A closed system has the 
further advantage that mineralization processes can be easily studied. If the 
bags are made from a suitable material, the temperature and light regime in-
side will be (almost) the same as that in the ambient waters. 
The use of large plastic bags has also become popular in studying the fate 
and effects of pollutants in marine and freshwater ecosystems (Davies and 
Gamble 1979, Schindler et al. 1980, Marshall and Mellinger 1980, Grice and 
Menzel 1978). 
In 1974 the Laboratory for Applied Marine Research MT-TNO started this type 
of research using Dutch coastal plankton communities. The ultimate aim of 
the research was to investigate the suitability of the method for the eco-
toxicological testing of chemicals. In this thesis results of investigations 
carried out in the period 1975-1980 will be discussed. Details of the various 
experiments were published in separate papers, which are partly reproduced 
in the Appendix, 
In the first experiments the replicability of the plankton development in 
non polluted systems was investigated, a prerequisite if the method was to 
be used in toxicological research. Chapter 3 gives information on the plank-
ton development in identically treated plankton systems. 
Further investigations were aimed at the determination of the fate and ef-
fects of pollutants in low concentrations on the enclosed ecosystem. In the 
first years the heavy metals mercury and cadmium were used, later organic 
compounds were introduced as contaminants. The rate of disappearance of or-
ganic compounds from the model ecosystems was compared with results of 
laboratory biodégradation tests carried out with water from the enclosures. 
In this way information on the possibilities of extrapolation of results from 
these laboratory tests to a more natural environment became available. 
Chapter 4 is devoted to these experiments. 
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Because several experiments were performed with the same chemical, informa-
tion on the reproducibility of results between experiments was obtained, 
which is given in chapter 5. 
In spring 1979 we joined German and Norwegian colleagues in the POSER project 
(Plankton Observations in Simultaneous Enclosures in Rosfjorden, Brockmann 
et al. 1982). In this project we studied the influence of the dimensions of 
the enclosure on the plankton development, important from a practical point 
of view. A second aim was to investigate if the toxicological results ob-
tained in relatively polluted Dutch coastal waters differed largely from 
results obtained in relatively clean North Sea water as found in the 
Rosfjord. Some of the results are discussed in the last chapters of this 
thesis. 
The most important articles in which the different experiments were discussed 
in detail are reproduced in the Appendix. These articles are referred to as 
Al, A2, etc. in the text. 
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2. MATERIALS AND METHODS 
2.1. DESIGN ENCLOSURES 
Figure 1 gives a diagram of the construction of the bags; these are based on 
those described by Brockmann et al. (1974). The diameter of the bags is 
0.75 m. In most experiments bags with a depth of 3.5 m, containing approxi-
mately 1.5 m3, were used, although bags with depths of up to 20 m have also 
been employed (A9). The bags are made from a two-layered foil (manufactured 
by Alkor-Oerlikon Plastic GmbH, Munich, Federal Republic of Germany). The 
inner layer is 100 \jm thich polyethylene (biologically inert) and the outer 
layer is 30 |Jm thick polyamide (resistent to mechanical damage). 
plastic 
bag 
• e a w a t e r 
Fig. 1. Diagram of a plastic bag. 
The frames from which the bags are suspended are made from seawater-resistent 
aluminium; PVC buoys serve as floats. If there is a risk of damage to the 
bags by floating objects, the former can be surrounded by a protecting net. 
Contamination by rain water or bird droppings (input of nutrients) is pre-
vented by perspex covers. These covers do not adsorb more than 5% of the 
light in the ecologically important part of the spectrum (400 - 700 nm) 
(Brockmann et al. 1974). The foil was impermeable for gasses and also for 
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metals (Brockmann 1980). In routine experiments 4 - 8 enclosures are anchored 
near a raft in a quiet corner of the harbour of Den Helder (Figure 2). 
Fig. 2. Plastic enclosures anchored in the harbour of Den Helder. 
2.2. FILLING THE BAGS 
In most experiments 4 - 8 bags were simultaneously filled via a branched pipe 
(Figure 3) with natural seawater collected a few miles off shore by a small 
tanker. This branched pipe device is of prime importance if random distribu-
tion of organisms over the different bags is to be achieved. In the first 
year (Al,2) a Begemann pump (type KZ 120-40) was used. To minimize damage to 
(for instance) diatom chains or copepods a Vanton Flex-i-Liner pump was used 
in later experiments. Large predators, such as Ctenophora, Cephalopoda or 
fish larvae, were prevented from entering the bags by filtration of the water 
through a 2 mm net. 
An alternative method, which has been used to fill bags up to 20 m deep, was 
to fix the bag onto the frame without the floats and then to sink the combi-
nation to the desired depth. By lifting the frame quickly to the surface the 
enclosure was filled and the floats could then be installed. 
- 13 -
Fig. 3. Branched pipes to fill different enclosures simultaneously. 
2.3. ADDITION OF CONTAMINANTS 
The enclosures were used to study the fate of chemicals and their effects on 
the structure and function of marine plankton communities. The pollutant was 
added, mostly in single doses, at the start of the experiment. To this end 
about 100 1 of water was pumped out of each bag into a PVC container in which 
it was rapidly mixed with a concentrated solution of the test compound. The 
mixture was at once pumped back in the enclosure via a sprinkler which was 
slowly lowered to ensure thorough mixing. Controls received the same treat-
ment with the exception of the addition of a pollutant. With the exception 
of cadmium, concentrations of the pollutants in the controls were much lower 
than in the contaminated systems. 
Single doses were added, since this practice more closely simulates the 
"normal" field situation, where the source of a pollutant usually is an 
outfall, a river or a dumping event (Menzel and Case 1977). 
In the experiments performed in Den Helder, nutrients to promote phytoplank-
ton growth were never added. The mineralization rates in the enclosed eco-
system were sufficiently high to enable the phytoplankton to grow. 
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2.4. SAMPLING 
The development of the phytoplankton, zooplankton and bacteria, together with 
a series of physico-chemical parameters (salinity, oxygen, pH, nutrients, 
temperature, concentrations of pollutants in water and sediment) was followed 
in the enclosed system (Figure 4). 
/ i \ 
light 
phytoplankton 
chlorophyll-a 
phaeopigments 
, 4C-assimilation 
02 
number of algal cells 
species distribution 
D 430 / D 665 
1 
zooplankton 
number of organisms 
species distribution 
nutrients 
P04-P, N0~-N, N0~-N, 
NH.-N, reactive Si 
• decomposers 
relative number of 
organisms in water 
and sediment 
L___r 
m system characteristics 
temperature, pH, salinity, 
Secchi disc visibility, 
concentration added 
pollutant in water 
and sediment 
Fig. 4. Simplified diagram of the interrelations between the different tro-
phic levels and the abiotic factors influencing the development of 
the organisms on these trophic levels of the plankton community en-
closed by the plastic bags. The parameters by which changes in the 
system are monitored are also indicated. 
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During the first experiments all samples, except those of zooplankton, were 
taken daily with a non-metallic sampler consisting of two 1250 ml chambers 
that could be opened at any desired depth between 0 and 3 m. In later ex-
periments a non-metallic sampler was used containing up to three stoppered 
sampling bottles. The stoppers were removed by a rope at the desired sampling 
depth. This type of sampler has been used successfully at depths down to 
35 m; at greater depths the bottles are compressed by the water pressure. 
During the first experiment the zooplankton was sampled by a pump, but this 
was not successful. In later experiments the zooplankton was sampled from the 
entire head of water (0 - 2.5 m) by means of a pipe with a ball valve at the 
lower end. The internal diameter of the pipe was 4 or 4.5 cm, and one sample 
consisted of 4 or 5 random lowerings of the pipe into the enclosure. The 
contents of the pipe were filtered through a 55 |Jm net and the samples at 
once fixed and preserved in a 4% formaldehyde solution in filtered seawater. 
In deeper bags zooplankton samples were collected by vertical hauls with a 
net provided with a conical opening to increase the efficiency. 
The fouling of the walls by algae was monitored by following the algal bio-
mass collecting on polyethylene sheets or on glass slides fixed in a plexi-
glass frame and submerged in the bags. It was found that growth on glass was 
twice that on polyethylene (Grolle and Kuiper 1980). 
The sediment was sampled by means of sediment traps, which hung in the en-
closures at a depth of 2.8 m. They were routinely emptied at weekly inter-
vals. In most experiments the sediment, which had settled on the bottom of 
the bags, was collected at the end of the experiments. 
2.5. EXPERIMENTS 
Table I summarizes data on the model compounds used, the initial concentra-
tions planned, the duration of the experiments and other data concerning the 
experimental set-up. The duration of the experiments was related to the 
generation time of the organisms in the enclosed system. Copepods have a 
generation time of 1 - 2 months (Raymont 1977). Therefore 3 - 6 weeks seemed 
to be a minimum to detect significant influences on their development. 
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Table I. Summary of data on the set-up of the experiments. 
experiment duration addition of on day 
(days) 
initial 
concentrations 
number details 
of bags in 
March-April 1975 39 
May-June 1975 29 
August-September 31 HgCl 
1975 
March-May 1976 43 HgCl. 
May-August 1976 78 CdCl 3 
September-October 48 CdCl 10 
1976 l 
August-September 35 DCA 
1977 
May-June 1978 42 'DCA,4CP,DCP 5 
August-September 28 
1978 
4CP,DCP,NFA 3 
POSER 1 
March 1979 
POSER 2 
March-April 1979 
August-September 
1980 
8 
20 
28 
HgCl2 
HgCl2 
4CP.DCP 
2 
2 
2 
control 
5 pg Hg.l-1 
control 
0.5 pg Hg.l-1 
5 
50 
control 
1 |jg Cd.l-1 
5 
50 " 
control 
1 (Jg Cd.l-1 
5 
50 " 
control 
2 pg DCA.l-1 
10 
25 
control 
0.1 mg DCA.l-1 
1.0 mg DCA.l-1 
0.1 mg 4CP.1-1 
1.0 mg 4CP.1-1 
0.1 mg DCP.l-1 
1.0 mg DCP.l-1 
control 
0.3 mg 4CP.1-1 
1.0 mg 4CP.1-1 
0.3 mg DCP.l-1 
1.0 mg DCP.l-1 
0.3 mg NFA.l-1 
1.0 mg NFA.l-1 
control 
1 pg Hg.l-1 
control 
5 pg Hg.l-1 
control 
0.3 mg 4CP.1-1 
1.0 mg 4CP.1-1 
0.3 mg DCP.l-1 
1.0 mg DCP.l-1 
,4-dichlorophenol 
•nitrofuroicacid-: 
4 
4 
2 
2 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
1 
1 
2 
1 
2 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
1 
1 
4 
2 
4 
5 
4 
2 
1 
1 
1 
1 
Al 
Al 
A2 
A3 
A5 
A5 
A7 
A7 
A7 
A8 
A8 
A8 
A8 
A6 
A6 
A4.A9 
A4.A9 
A8 
DCA = 3,4-dichloroaniline 
4CP = 4-chlorophenol 
DCP 
NFA 
2, 
5-: 
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2.6. ANALYTICAL METHODS 
Here only general information on the analytical methods is given, details on 
methods for the determination of concentration of the added chemicals, aswell 
as other details, pertinent to individual experiments is given in the papers. 
Mercury and cadmium concentrations were measured with atomic absorption 
spectrometry (AAS) and neutron activation analysis (NAA). The organic com-
pounds were analyzed with gas chromatography or high pressure liquid chroma-
tography (HPLC). 
Chlorophyll concentrations were measured according to Strickland and Parsons 
(1968) in 1 litre samples. In the first experiments extraction was improved 
by sonification, after 1976 a Braun MSK cell homogenizer was used (Hoornsman 
and Kuiper 1979). Pigment concentrations were measured with a Pye Unicam or 
a Vitatron photometer. Concentrations of chlorophyll and phaeopigments were 
calculated according to equations given by Lorenzen (1967). 
The samples of phytoplankton were preserved with Lugol's iodine (Vollenweider 
1969) and selected samples were examinated with a Zeiss inverted microscope. 
The main species were identified where possible, and named according to 
Drebes (1974), Hendey (1964) and Lebour (1925). 
The small naked flagellates (diameter 3 - 8 pm), often found in large num-
bers, could in most cases not be identified to species and are referred to 
as p-flagellates. The concentration and size distribution of suspended par-
ticulate matter was measured with an electronic particle counter. In 1975 a 
Coulter counter model A was used, in the other experiments a Coulter counter 
model TA II with population accessory was used (Sheldon and Parsons 1967). 
Primary production was measured by Steemann Nielsen's (1952) C-14 method. 
14 
1 ml of a NaH CO. solution (ca 4 pCi) was added to 100 ml samples in 125 ml 
light and dark bottles. The bottles were incubated in-situ at depths of 0.5 
and 2.0 m. During the first experiments samples were incubated for 6 hours 
(9-15 h ) , from 1977 onwards the incubation period was shortened to 4 hours 
(10-14 h). After the incubation the samples were transported to the labora-
tory and filtered. Each filter was placed in a scintillation vial with a 
scintillation solution (Anderson and Zeutschel 1970, Pugh 1973). The vials 
were counted with a Nuclear Chicago Mark 1 or a Packard Tricarb liquid scin-
tillation counter. The inorganic carbon content of the water was determined 
by titration according to Strickland and Parsons (1968). 
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Oxygen concentrations at a depth of 0.5 m were measured with a Yellow Springs 
model 54 or an Orbisphere Laboratories model 2603 oxygen meter. 
Concentrations of orthophosphate, ammonia, nitrite, nitrate and reactive 
silicate were measured according to Strickland and Parsons (1968), from 1976 
onwards With a Technicon AutoAnalyzer. 
The zooplankton was counted, identified and measured by the procedures des-
cribed by Fransz (1976). Nauplii, copepodites and adults of each species were 
divided into at least six size classes and the adults separated by sex. Sub-
samples of the sample were examined with a microscope and at least 150 orga-
nisms counted. Changes in the population densities at the various stages of 
copepod development - copepods always form the major part of zooplankton 
biomass in the enclosures - were used to estimate development and mortality 
rates of selected species, using multiple regression analysis of abundance 
of size classes (stages) at the various sampling dates (Fransz 1976). Produc-
tion of organic matter by copepods was estimated by multiplying the means 
between zero and the upper limit of the 95% confidence interval of develop-
ment rates by the mean density and the weight increment for each time inter-
val between sampling dates (Fransz 1976). Dry weights of the copepods were 
derived from regressions of dry-weight on céphalothorax length given by 
Robertson (1968) and Nassogne (1972). 
The development of the bacteria was followed in 1975 by ATP measurements. 
Thereafter plate counts (medium 2216 E of Oppenheimer and Zobell 1952) or 
epifluorescence counts (Daley and Hobbie 1975) were used. 
Other parameters measured included water temperature, light, salinity, Secchi 
disc visibility and pH. 
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3. REPLICATION OF PLANKTON DEVELOPMENT IN IDENTICALLY TREATED MODELECOSYSTEMS 
The aim of the first experiments, carried out in 1975, was to establish the 
variability between the development of natural plankton communities in sepa-
rate plastic bags, filled simultaneously and exposed to identical conditions. 
High replicability is essential for application of the method to ecotoxico-
logical problems, because high natural variability would make discrimination 
between the effects of added chemicals and natural behaviour impossible. 
In these experiments four enclosures were used simultaneously (Al). Although 
some bags were lost due to accidents during the experiments results showed 
that the development of phytoplankton and zooplankton was very similar in 
separate plastic bags. Figure 5 and 6 show as examples the development of 
the phytoplankton and the zooplankton during the experiment in May-June 1975. 
As in all experiments, a succession of phytoplankton species was found. A 
first bloom was generated mainly by diatoms, which were probably limited by 
lack of nutrients. A second phytoplankton peak was formed by small p-flagel-
lates. This succession of larger species (diatoms or large flagellates) to 
small |J-flagellates was found in many following experiments. 
chlorophyll (mg/m*) 
May-June 1975 
o bag 1 
• .. 2 
.. 3 
ù .. i 
samples 05 m 
Fig. 5. Concentrations of chlorophyll at a depth of 0.5 m in the different 
enclosures during the experiment of May-June 1975. 
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As in all experiments which followed, calanoid copepods were the most impor-
tant species in the zooplankton with respect to the biomass. During the first 
experiment sampling of the zooplankton with a pump failed, but in the sub-
sequent experiments several species developed in the enclosures from egg to 
adult and at the end of the experiment large numbers of copepods were present 
(Figure 6). 
100c number of organisms per liter 
0.1 
time (daysl 
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time f days) 
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Fig. 6. Development of nauplii (a) and copepodites (b) of rémora longicornis 
during the experiment of May-June 1975. 
The high replicability found in these experiments made a series of toxicolo-
gical experiments with enclosed plankton communities possible. In nearly all 
experiments which followed two enclosures were used as controls (Table I), 
and sometimes a model compound was added to duplicate systems in the same 
concentration. Results from these experiments confirmed that plankton commu-
nities exposed to identical experimental conditions inside simultaneously 
filled plastic bags developed in very similar ways. In the later experiments 
bacteria were also quantified and the results showed that bacteria also 
developed similarly in duplicate enclosures. 
These conclusions have also been reached by other investigators (Takahashi 
et al. 1975, Davies et al. 1975, Brockmann et al. 1977). 
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4. FATE AND EFFECTS OF SELECTED CONTAMINANTS ON ENCLOSED MARINE PLANKTON 
COMMUNITIES 
4.1. MERCURY 
Mercury is one of the heavy metals most intensively studied and this was the 
main reason why it was chosen as a model pollutant in the first toxicological 
experiments and in POSER. In all experiments single doses of mercury(II) 
chloride were added to the enclosed systems to give initial concentrations 
ranging from 0.5 to 50 |Jg Hg.l . These concentrations were chosen because 
_i 
the lowest concentrations having toxic effects are around 1 to 10 |Jg Hg.l 
(Taylor 1977). 
4.1.1. Fate of the added mercury 
In all experiments concentrations of mercury in the water decreased during 
the experiments by 3 to 50% per day (A2,A3, Kuiper 1980). Measurement of the 
amounts of mercury on the walls of the enclosure and in the sediment, which 
collected at the bottom of the bags explained, only part of the loss from the 
water column (3-25% remained in the system). A subsequent laboratory experi-
ment (A3, Kuiper et al. 1980) showed that large amounts of the added mercury 
were volatilized and disappeared into the atmosphere. Methylation of mercury 
to methylmercury was found in the experiments, but this mechanism seems un-
likely to explain the loss to the atmosphere. Transformation of the added 
mercury to volatile metallic mercury is more probable. This transformation 
can be carried out by bacteria, and also occurs as a purely chemical process 
in seawater (A3,A4). These results support hypotheses about atmospheric 
transport of mercury put forward by Wollast et al. (1975) and also support 
observations on the West coast of Sweden (quoted in A3), which indicated 
that the North Sea was a source for atmospheric mercury (A3,A4). 
4.1.2. Effects of the added mercury 
_l 
Addition of 0.5 pg Hg.l in one experiment (A3) resulted in no detectable 
significant effects on the enclosed plankton community. Detailed observations 
of the community fouling the walls of the enclosure showed that addition of 
0.5 Hg.l changed the species composition of the periphyton (Grolle and 
Kuiper 1980). Addition of 1 pg Hg.l" during POSER resulted in lower numbers 
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of bacteria compared with the controls directly after the addition, indica-
ting inhibition of bacterial growth (A4, Kuiper 1982). 
_1 
Single doses of 5 |Jg Hg.l were added in all experiments and resulted in 
comparable effects. Directly after the addition phytoplankton growth was 
! inhibited. When mercury concentrations decreased phytoplankton growth re-
sumed, the overall effect being a lag phase in the occurrence of the phyto-
plankton maxima. Whether adaptation or detoxification was the main factor 
( for this resumed growth was not investigated. Similar effects were found 
on the copepod development in the enclosures. As an example Figure 7 shows 
the development of the phytoplankton and one species of copepods during one 
of the experiments (A3). 
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Fig. 7. Chlorophyll concentrations (a) and numbers of adults of Pseudocaliunus 
elongatus (b) in the different enclosures during the experiment in 
March-May 1976. 
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Addition of 5 |Jg Hg.l 
populations (Figure 8). 
also influenced the development of the bacterial 
Fig. 8. Relative number of bacteria in the different enclosures during the 
experiment in March-May 1976. 
Addition of 50 pg Hg.l in one experiment (A3) has similar, but stronger 
effects on phyto- and zooplankton and on the bacteria. The copepods were 
nearly eliminated from the system, the phytoplankton was inhibited for a 
long time, resulting in a lag phase of a month, and the species composition 
of the phytoplankton changed markedly. 
In addition of these results, other effects typical for the ecosystem 
character of the experiments were shown. In the experiments carried out in 
Den Helder the species composition of the phytoplankton altered after the 
additions such that larger species were relatively more abundant in the en-
closures which were contaminated with mercury. In all experiments in which 
the zooplankton densities in contaminated systems were lower than in the 
controls, the phytoplankton species composition was affected in the same 
way as in the mercury experiments. The effects on the phytoplankton species 
composition can be explained as an indirect effect of the mercury via selec-
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tive feeding of the copepods. Copepods prefer larger species, so that in the 
controls, where grazing pressure is higher, larger species have less chance 
of surviving than small species. 
The increased population densities of the bacteria (Figure 8) can also be 
regarded as a food chain effect: dying phytoplankton cells served as a 
suitable substrate for the bacteria. 
In A3 and A4 these results were compared with those from other workers using 
natural marine plankton communities. This comparison showed that comparable 
results were obtained using different plankton communities under different 
conditions at quite different locations. 
The results of the experiments also indicated that the toxicity of mercury 
is related to the chemical form, this has also been found for copper and 
cadmium (Sunda and Guillard 1976, Sunda et al.. 1978). 
4.2. CADMIUM 
Cadmium was used as a second model compound because much information on its 
toxicity was already available in the literature, it is a known pollutant 
in the Dutch coastal environment (Duinker and Nolting 1977), and also because 
its behaviour in the marine environment differs from that of mercury. 
Results are presented in detail in A5. 
Cadmium was added to the enclosures in single doses of 1 - 50 pg Cd.l 
_i 
In one experiment additional doses of 100 and 250 pg Cd.l were added. 
4.2.1. Fate of the added cadmium 
The added cadmium remained in the experimental system, and accumulated very 
slowly (< 0.1% per day) in the sediment due to adsorption and subsequent 
settling of suspended particles (a combination of abiotic particles, phyto-
plankton cells, dead zooplankton and faecal pellets). 
Adsorption of cadmium to the walls was negligable. 
4.2.2. Effects of the added cadmium 
_l 
Addition of 5 or 50 |Jg Cd.l led to higher chlorophyll concentrations in 
comparison with those in the controls in two experiments. In a third experi-
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ment, in which cadmium was added just after a phytoplankton bloom, no effects 
were found on the phytoplankton. 
.1 
The higher phytoplankton biomass after addition of 5 or 50 pg Cd.l could be 
the result of a number of different factors. Reduced grazing after addition 
-l -1 
of 50 M8-1 is possible, but improbable after addition of 5 |Jg Cd.l be-
cause the grazers developed similarly to those in the controls. The possi-
bility that addition of 5 pg Cd.l stimulated phytoplankton growth cannot be 
excluded, although the possible mode of action remains unclear. Stimulation 
of activity as an initial effect on functioning of organisms has been found 
for many chemicals and may be the normal response to stress (cf. Stebbing 
1981). 
_l 
In one experiment additional doses of 100 and 250 |jg Cd.l were added. No 
significant effects of these additions on the phytoplankton were found, 
probably because the frequency of sampling was too low after these additions, 
and because the interactions between the different trophic levels became 
increasingly complicated in this experiment. During this experiment (May-
August 1976) organisms on a third trophic level developed in the bags (the 
ctenophore Pleurobrachia pileus). It appeared that all concentrations of 
_i 
cadmium (1 - 250 pg.l ') resulted in a dose-related inhibition of the 
development of this ctenophore (Figure 9). 
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Fig. 9. Numbers of the ctenophore Pleurobrachia pileus in the different en-
closures during the experiment in May-August 1976. 
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The increased mortality rate of copepods in the controls due to grazing by 
P. pileus made demonstration of a possible increase in mortality rates re-
sulting from the cadmium additions more difficult. 50 |Jg Cd.l probably 
influenced the copepod development, 100 M8-1 certainly increased the 
_l 
mortality rate of some species, and 250 \lg.l killed almost all copepods. 
_l 
In the second experiment P. pileus was absent and 50 [Jg Cd.l clearly 
inhibited the development of the copepods (Figure 10). Moreover not all 
species were influenced similarly, resulting in changes in the species dis-
tribution. In nature such shifts in species composition may exert important 
effects on higher trophic levels via selective feeding. 
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Fig. 10. Development of biomass of copepods during the experiment in 
September-October 1976. 
The differences in response of the phytoplankton in the experiments were 
attributed to differences in cadmium speciation. Many literature data also 
show the importance of the speciation of cadmium for its toxicity (Sunda et 
al. 1978, Hardstedt-Romeo and Gnassia-Barelli 1980). 
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4.3. ORGANIC COMPOUNDS 
After the initial series of experiments with heavy metals the following 
organic compounds were studied: 4-chlorophenol (4CP), 2,4-dichlorophenol 
(DCP) and 3,4-dichloroaniline (DCA) (A7 and A8). Some attention was also 
paid to phenol. These aromatic compounds were chosen because laboratory ex-
periments had shown that they differed widely in degradability, phenol being 
the least, and DCA the most resistent to biodégradation. 
A second aim of the experiments was to compare the degradation in the model 
ecosystem with the results of laboratory biodégradation tests, carried out 
with water from the enclosures. 
As a case study fate and effects of 5-nitrofuroicacid-2 (NFA) were studied 
(A6). 
4.3.1. Fate of the added organic compounds 
DCA was not degraded in the laboratory die-away tests. Although concentra-
tions in the model ecosystems decreased during the experiments to about 50% 
of the initial values, there were several indications that this decrease was 
not caused by biodégradation. It was shown that at least part of the added 
DCA could have diffused through the walls. This diffusion is a weak point in 
the experiments. The problem of diffusion through the walls of the bags was 
not important with the phenols. Phenol, 4CP and DCP were degraded within one 
to three weeks in both the enclosure experiments and the laboratory tests. 
Shorter lagphases and faster degradation rates were found after repeated 
addition of 4CP, which showed adaptation of the bacterial community to 4CP. 
Generally degradation rates were comparable to those found in the laboratory 
tests carried out simultaneously. Sometimes degradation rates were much lower 
in the plankton community than in the laboratory test (4-CP, A8; phenol, De 
Koek and Kuiper 1981). In both these cases concentrations of the contaminants 
decreased linearly with time, indicating that a factor, other than 4CP or 
phenol limited the growth rate of the bacteria degrading these compounds. 
Very low inorganic nutrient concentrations probably limited the growth of 
the bacteria, since addition of nutrients in the simultaneous laboratory 
experiments increased the degradation rate. 
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Limitation of degradation rates by lack of nutrients has been found previous-
ly. The experiments with the plankton communities showed that apart from the 
nutrient status as such, ecological factors such as competition for these 
nutrients can influence the degradation rate. 
In experiments carried out in 1979-1981 4-nitrophenol (NP) and tetrapropy-
lenebenzenesulphonate (TPBS) were used. In this experiments the differences 
in degradation rates in the enclosed plankton communities and in the labora-
tory die-away tests using the same water were even larger. Both NP and TPBS 
were more or less easily degraded in the laboratory and were persistent in 
the model ecosystem. These results confirmed the importance of ecological 
interactions in the determination of degradation rates under more natural 
conditions. 
In one experiment with 4CP and DCP indications were obtained that stable and 
toxic intermediates were formed during the degradation of these compounds. 
This finding showed that it can be important to study fate and effects of 
contaminants simultaneously, as was done in the model ecosystem. This was 
also shown in the case-study with NFA. NFA appeared to loose its nitro-group 
within a day of addition to the bags, probably as a result of exposure to 
light. No adverse effects of the remaining molecule on the enclosed plankton 
community could be shown (A6). 
4.3.2. Effects of the added organic compounds 
_1 
In the first experiment with DCA initial doses of 2, 10 and 25 |Jg DCA.l 
_l 
were given, after a NOEC (no observed effect concentration) of 5.6 M8-1 
had been measured in a laboratory test with the reproduction of Da.phn.ia magna 
as a criterion. No effects of these additions on the enclosed ecosystem could 
_l 
be shown. In a later experiment initial doses of 0.1 and 1.0 mg DCA.l were 
given. Addition of 0.1 mg DCA.l resulted in inhibition of phytoplankton and 
bacteria, and addition of 1 mg DCA.l further resulted in a high mortality 
and changes in the species composition of the copepod community. The relative 
species composition of the phytoplankton was changed after the addition of 
both 0.1 and 1.0 mg DCA.l . Figure 11 shows as an example the size distri-
bution of the suspended particles (i.e. phytoplankton cells) on day 40 of the 
_i 
experiment. It was found that lowered grazing pressure (1 mg DCA.l vs. 
controls) increased the relative importance of larger phytoplankton species. 
4CP and DCP were added in three experiments in concentrations ranging from 
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_1 _1 
0.1 to 1.0 mg.l . After addition of 0.1 rag 4CP.1 no effects on the en-
_1 
closed community could be recorded. Addition of 0.1 mg DCP.l resulted in 
a temporary reduction of numbers of bacteria as compared with the controls. 
_l 
Addition of 0.3 mg 4CP or DCP.l slightly inhibited the phytoplankton growth 
rate. 1 mg 4CP or DCP.l caused a stronger inhibition of phytoplankton and 
also of the zooplankton. The phytoplankton species composition differed from 
that in the controls after addition of 1 mg 4CP or DCP.l (Fig. 11). Again 
lower zooplankton populations occurred simultaneously with larger phytoplank-
ton species. 
Another effect of the addition of DCP on interactions of phytoplankton and 
zooplankton was shown in the third experiment, in which a higher phytoplank-
ton biomass was found in the enclosure with less zooplankton. 
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Fig . 11. Size d i s t r i b u t i o n of suspended p a r t i c l e s (average of samples taken 
a t depths of 0.5 and 2.0 m) on day 40 in an experiment in which 
DCA, 4CP and DCP were t e s t e d (May-June 1978). 
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In one experiment strong inhibition effects were found after that 4CP and DCP 
had disappeared from the water. This might indicate the formation of a toxic 
intermediate during the degradation of these compounds. Unfortunately no 
samples were available for identification of this intermediate at the moment 
that this indication was obtained. 
Concentrations causing effects in the different experiments were quite 
similar, but the intensity of the effects differed. Stronger effects were 
found at lower degradation rates. 
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5. REPRODUCIBILITY OF ECOTOXICOLOGICAL RESULTS 
Mercury, cadmium, DCP and 4CP were used in the same concentrations in diffe-
rent experiments and thus yield information on the reproducibility of the 
experimental results. 
The concentrations of mercury having effects on the enclosed plankton com-
munities were very similar in the different experiments carried out with 
Dutch coastal water. The results of enclosure experiments, carried out in 
other parts of the world (Saanich Inlet,Canada; Loch Ewe,Scotland; Rosfjord, 
Norway, quoted in A4) were also comparable, showing that the high reproduci-
bility of the toxicological results in Den Helder was not related to the 
quality of Dutch coastal water (A4). 
In experiments with cadmium as a modelpollutant minimum concentrations having 
effects on the enclosed plankton were within one order of magnitude in two 
experiments ( 1 - 5 MS Cd.l ). In another experiment, in which cadmium was 
added just after a phytoplankton bloom the NOEC (No Observed Effect Concen-
tration) found was between 5 and 50 pg Cd.l . This difference was probably 
due to the different speciation of cadmium in the last experiment (A5). 
The concentrations of 4CP and DCP having effects on the enclosed community 
were also within one order of magnitude. In all experiments the type and 
intensity of the effects found depended very much on the situation of the 
plankton community. If for example the phytoplankton was not very active, 
no large inhibition effects were recorded (e.g. POSER 2, A4). 
The fate of the added compounds was similar in the different experiments. 
Notwithstanding the fact that the starting conditions differed very much 
between experiments (temperature, light, nutrients, biomass, species compo-
sition) , it can be concluded that the results obtained in the model plankton 
communities are reproducible. These large differences in starting conditions 
do not prevent application of the method for ecotoxicological problems. 
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6. POSSIBILITIES FOR EXTRAPOLATION OF RESULTS TO THE FIELD SITUATION 
If the method is to form a contribution to bridging the gap between the 
laboratory and the field, it should be possible to extrapolate results of 
the experiments with some confidence to natural marine systems. 
Some investigators have compared the development of a plankton community 
inside a bag with that in the surrounding water from which the contents of 
the bags was derived, employing enclosures ranging from 68 to 1300 m3 (Davies 
et al. 1975, Takahashi et al. 1975, Takahashi and Whitney 1977, Gamble et al. 
1977). The phytoplankton in the bags developed similarly to that in the sur-
rounding water, at least for several weeks. The numbers of zooplankton orga-
nisms were often higher inside the bags, having less prédation than the 
waters outside. Brockmann et al. (1977), working with much smaller enclosures 
(4 m 3 ) , state that during the first part of their experiment, the time course 
of nutrient and chlorophyll concentrations in their bags agreed well with 
that in the water from which the contents were taken. 
Due to strong tidal currents in Dutch coastal waters, it is impractical to 
compare the development of plankton inside our bags with that at the location 
were the water was taken. The investigations during POSER (A9) showed that 
irrespective of the data of filling, a phytoplankton bloom of the same spe-
cies occurred in all enclosures (large and small) and in the fjord during 
the same period, indicating that a dominant bag influence was absent. Natural 
factors such as light, nutrients and temperature were regulating the develop-
ment of the enclosed (and free) community. 
Apart from the structural similarity in time between the enclosed plankton 
and the surrounding water, the functioning of the system is also an important 
characteristic. In our experiments many important features of the enclosed 
system, such as rates of primary and secondary production and generation 
times of the copepods, are comparable to those found in the North Sea. 
In nearly all experiments p-flagellates tended to dominate the phytoplankton 
after 4 - 6 weeks of enclosure, thus species composition became increasingly 
abberrant. The phytoplankton and zooplankton were sampled every two hours for 
a 24 h period in two experiments in 1977, to study the functioning of the 
system at the end of the experiments. Results showed (Kuiper et al. 1982) 
that primary production rates were not unusual for open sea systems. It was 
also shown that the copepods, which had developed in the bags during the 
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experiment, showed the same pattern of vertical migration as found in the 
open sea. 
Information from these experiments and from literature suggests that the 
development of a plankton community inside a plastic bag is qualitatively 
similar to that of the "free" community at least for periods of up to four 
weeks (Menzel and Steele 1978). Research on freshwater plankton resulted in 
similar conclusions (Barica et al. 1980, Marshall and Mellinger 1980). 
With respect to the toxic effects found it was shown that the concentrations 
of mercury causing reactions of enclosed plankton communities, isolated in 
different locations (Canada, Scotland, Norway, The Netherlands) were very 
comparable. This indicates that results obtained in Dutch coastal waters 
can be extrapolated to other sea areas (A4). 
It is obvious that the model ecosystems used are not identical to the North 
Sea or to the Dutch coastal water ecosystem. Because the enclosed systems, 
however, develop in a natural way, results may be extrapolated to natural 
systems with some confidence. The model systems must be seen in this respect 
as an intermediate between laboratory and field. The model system is more 
complex than the monoculture in the laboratory and less complex than the 
real field situation(s). Even if this less complex system is investigated 
in a relatively simple way, as was done in this study, concentrations of 
pollutants showing effects are among the lowest reported in the literature. 
If concentrations having effects in de model ecosystems are found in the 
field, as for example is the case for cadmium (A5), it seems probable that 
the ecosystems in question are already being influenced. 
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7. OPTIMAL EXPERIMENTAL SET-UP 
Ideally, a sufficiently large organization must be available to back up these 
experiments so that feed-back to the laboratory is possible to look for ex-
planations of observations in the complex model ecosystems. Ecotoxicology 
should focus on this synthesis of laboratory and (semi-)field research. 
Apart from this organizational aspect, two factors are of prime significance 
for experimental design of enclosure experiments: the duration of the ex-
periment and the dimensions of the enclosure. In a field of applied research, 
such as ecotoxicology, the smallest possible enclosures used in the shortest 
possible experiments are preferable in terms of convenience of experimental 
handling, possibilities of replication and costs (Davies and Gamble 1979,A9). 
Optimal duration. 
The duration of an experiment must be related to the generation time of the 
organisms in the system. Copepods have a generation time of 1 - 2 monts. 
3 - 6 weeks therefore seems to be a minimum to detect significant effects 
on their development. Experiments of up to three months duration have been 
carried out in small bags (A5). Mineralization was intense enough to sustain 
sufficient primary production. The species composition of the phytoplankton 
does, however, change greatly with time, (j-flagellates becoming dominant. 
This succession was also found by others (e.g. Takahashi et al. 1975, Grice 
and Menzel 1978). 
It is clear that the system in the bags becomes increasingly unnatural with 
time. Since the experiments were designed to assess the influence of chemi-
cals on natural communities, long experiments (3 months) are not useful. 
Moreover duplicate controls diverge more and more from each other, after 
4 - 6 weeks making the detection of differences between controls and con-
taminated systems more difficult, if only low numbers of bags are used. 
The optimal duration of an experiment is probably 4 - 6 weeks, depending on 
the water temperature and day length (i.e. rates of biological processes in 
the system). 
Optimal dimensions. 
Enclosures of widely differing dimensions have been used by different authors 
(0.3 - 16.000 m 3 ) . One of the aims of POSER was to compare the development of 
the plankton in enclosures of different sizes (1.5 - 30 m3)(A9). The develop-
ment of the phytoplankton in large enclosures was similar to that in small 
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enclosures with respect to biomass and species composition. The development 
of the bacteria and the zooplankton showed differences between large and 
small enclosures. 
Mercury was added as a model pollutant and it was shown that results were 
very similar in large and small enclosures. Results were also comparable to 
those obtained by others in still larger enclosures (1300 m3, Grice and 
Menzel 1978). 
The optimal dimensions of the enclosure appeared to be related to the aim 
of the experiment, the number of trophic levels included in the system, the 
species present and the population densities of the organisms. In A9 advan-
tages and limitations of different sizes are discussed. It was concluded 
that for ecotoxicological experiments in relatively eutrophic waters (e.g. 
Dutch coastal waters) bags containing 1 - 2 m3 appear to be large enough. 
In more oligotrophic waters, with lower population densities of zooplankton, 
enclosures of 10 m3 are probably large enough to allow sufficiently large 
zooplankton samples (A9). 
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8. SUMMARY AND CONCLUSIONS 
Most investigations in ecotoxicology are carried out in the laboratory. Al-
though laboratory experiments are indispensable and yield useful information, 
it is difficult if not impossible to extrapolate results of short-term 
laboratory tests currently in use to real field situations. The need in 
aquatic ecotoxicology for experiments with complex systems, more closely 
approximating natural conditions, led to the use of large, flexible plastic 
bags, isolating part of the ecosystem, and suspended in natural waters. This 
approach has been used here to study marine plankton communities. The general 
aim of the study was to develop a method which could act as an intermediate 
between laboratory and field, for determining fate and effects of pollutants 
in low concentrations. 
This thesis summarizes results of several experiments, reported in detail in 
different papers, which are partly reproduced in the Appendix. 
Chapter 2 summarizes the materials and methods used. During the experiments, 
which usually lasted 4 - 6 weeks the development of the phytoplankton, the 
zooplankton and the bacteria was followed (biomass and species composition), 
as well as several physico-chemical factors, affecting the organisms on the 
various trophic levels. 
In the first experiments (Chapter 3) it was shown that Dutch coastal plankton 
communities, exposed to identical experimental conditions inside simulta-
neously filled plastic bags (contents 1.5 m 3 ) , developed in very similar 
ways. Therefore this method could be applied for toxicological research. 
From 1975 onwards several experiments were carried out in which mercury, 
cadmium and selected organic compounds (phenol, 4-chlorophenol (4CP), 2,4-
dichlorophenol (DCP) an 3,4-dichloroaniline (DCA) were added as pollutants. 
Most experiments were carried out with Dutch coastal water. In 1979 we parti-
cipated in POSER (Plankton Observations in Simultaneous Enclosures in Ros-
fjorden), a project carried out in a south Norwegian fjord. There the fate 
and effects of mercury on plankton communities in enclosures of different 
dimensions were studied. Chapter 4 is devoted to the fate and effects of 
the model pollutants in the different experiments. 
The fate of the selected compounds was generally in accordance with the ex-
pectations. Cadmium remained in the system and accumulated very slowly into 
the sediment, which collected at the bottom of the bags. DCA was not degra-
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ded, the other organic compounds were degraded in the plankton system as well 
as in laboratory die-away tests. Some differences were, however, sometimes 
found between laboratory and semi-field experiments. Sometimes phenol and 
4CP were degraded more slowly in the plankton community than in the simulta-
neous die-away tests, carried out using water from the enclosures. This dif-
ference was probably caused by factors working on the ecosystem level, such 
as competition between different bacteria for substrate and inorganic nu-
trients and competition between bacteria and phytoplankton for inorganic nu-
trients. 
This finding is of practical importance for the extrapolation of results of 
laboratory degradation tests to the field. Laboratory tests are often per-
formed in the dark so that competition between bacteria and algae for nu-
trients is generally absent. Moreover nutrients are often added in large 
amounts to laboratory cultures. For this reason laboratory tests could easily 
overestimate the degradation rate in oligotrophic environments, such as most 
seas and oceans during a large part of the year. 
The fate of mercury in the modelecosystems was also unexpected. After addi-
tion of mercury(II)chloride to the systems concentrations decreased in the 
water and increased in 'the sediment and methylation of mercury was also 
found. A large part of the added mercury however, was lost to the atmosphere, 
probably as volatile metallic mercury. 
Another important result was the indication in one experiment that toxic and 
stable intermediates were formed during the degradation of 4CP and DCP. In 
most cases biodégradation tests and toxicity tests are carried out separa-
tely. In the model ecosystem fate and effects were studied simultaneously. 
This also appeared to be important in the case of 5-nitrofuroicacid-2, which 
lost both the nitrogroup and its toxicity within one day after addition to 
the enclosures, probably as a result of exposure to light. 
In most experiments effects on the enclosed plankton community could be shown 
after the addition of the model pollutants. Concentrations causing these 
effects were relatively low as compared with results of laboratory toxicity 
tests. Apart from this sensitivity of the test system, it is important that 
it appeared to be possible to experiment with various organisms on a single 
trophic level, as well as with different trophic levels in one system. Addi-
tion of contaminants led to effects on these interactions on, or between 
trophic levels. 
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In many cases differences were found in the species composition of the 
plankton community between controls and contaminated systems. Changes in 
the relative abundance of organisms on different trophic levels were also 
found-. These changes may be important in field situations, because small 
changes, such as the disappearance or the inhibition of one species, can 
cause large changes in the ecosystem by complex interactions. 
Because mercury, cadmium, 4CP and DCP were used in the same concentrations 
in different experiments, information on the reproducibility of the experi-
mental results was generated. This information is given in Chapter 5. Not-
withstanding the fact that the starting conditions differed very much be-
tween experiments, it can be concluded that the toxicological results, i.e. 
fate of the added compounds and the concentrations having effects, are quite 
reproducible. The intensity of the effects depended very much on the situa-
tion in the plankton community. 
Chapter 6 is devoted to the possibilities for extrapolation of the results 
to field situations. Information from the experiments described here and from 
the literature suggest that the development of a plankton community inside a 
plastic bag, is qualitatively similar to that of the "free" community at 
least for periods of up to 4 weeks. With respect to the effects found, it 
was shown that mercury had similar effects on plankton communities enclosed 
at different locations (Canada, Scotland, Norway, The Netherlands). These 
results indicate that results obtained with the model plankton systems can be 
extrapolated to other sea areas. On the other hand this simple method pro-
vides just a first step, and the model systems must be seen as an interme-
diate between laboratory and field situations. The model system is less com-
plex than the field situation. Even if this less complex system is investi-
gated in a relatively simple way, as was done in this study, concentrations 
showing effects are among the lowest reported in the literature. 
In Chapter 7 some remarks are made on the optimal set-up of ecotoxicological 
experiments using enclosures. For ecotoxicological experiments, excluding 
fish or other larger carnivores, bags containing 1 - 2 m3 appear to be suf-
ficiently large in relatively eutrophic waters, such as Dutch coastal waters. 
In more oligotrophic environments enclosures with a contents of approximately 
10 m3 are preferred to enable larger samples to be taken. The optimal dura-
tion of an experiment is probably 4 - 6 weeks, because the enclosed community 
diverges more and more from the natural situation with time, making extrapo-
lation of results to field situations more questionable. 
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The enclosure method can be applied to at least two field of ecotoxicological 
problems : to assess the impact of specific dumping events and other environ-
mental problems, and to validate laboratory toxicity and biodégradation 
tests. 
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SAMENVATTING 
Ecotoxicologisch onderzoek wordt doorgaans uitgevoerd binnen het laborato-
rium. Hoewel laboratorium experimenten onmisbaar zijn en waardevolle infor-
matie verschaffen, is het moeilijk zo niet onmogelijk om resultaten van kort 
durende laboratorium toetsen te extrapoleren naar concrete veldsituaties. 
In de aquatische toxicologie bestond derhalve de behoefte om te kunnen ex-
perimenteren met complexe systemen, die in een aantal aspecten overeenkomen 
met natuurlijke ecosystemen. Dit leidde o.a. tot het gebruik van natuurlijke 
planktongemeenschappen opgesloten in grote plastic zakken. 
In onderhavig onderzoek werd deze benadering toegepast op mariene plankton-
gemeenschappen. Algemeen doel van het onderzoek was de ontwikkeling van een 
methode om lot en effecten van vervuilende stoffen in een plankton systeem 
te bepalen. De methode zou een bijdrage moeten leveren de kloof tussen het 
laboratorium en de veldsituatie te overbruggen. Dit proefschrift is een sa-
menvatting van de resultaten van een aantal experimenten, welke in detail be-
schreven zijn in een serie artikelen. Een deel van de artikelen is weerge-
geven in het Appendix bij dit proefschrift. 
Hoofdstuk 2 geeft een globale beschrijving van de gebruikte materialen en 
methoden. Gedurende de experimenten die gewoonlijk 4 tot 6 weken duurden, 
werd de ontwikkeling van het fytoplankton, het zoöplankton en bacteriën ge-
volgd. Daarnaast werden een aantal fysisch-chemische factoren gemeten, die 
van belang zijn voor de ontwikkeling van de organismen op de verschillende 
trofische nivo's. In de meeste experimenten werden planktongemeenschappen af-
komstig uit het Nederlandse kustwater geïsoleerd in zakken met een inhoud 
van 1.5 m3. 
De eerste experimenten toonden aan (hoofdstuk 3) dat de ontwikkeling van ge-
lijk behandelde planktongemeenschappen in gelijktijdig gevulde experimentele 
eenheden onderling grote overeenkomst vertoont gedurende de proefduur. Hier-
door kon de methode toegepast worden voor toxicologisch onderzoek. 
Vanaf 1975 werden een aantal experimenten uitgevoerd, waarin kwikchloride, 
cadmiumchloride en een aantal organische stoffen (fenol, 4-chloorfenol (4CP), 
2,4-dichloorfenol (DCP) en 3,4-dichlooraniline (DCA)) als vervuilende stof 
werden toegevoegd. In 1979 werd geparticipeerd in het POSER (Plankton Obser-
vations with Simultaneous Enclosures in Rosfjorden) projekt, dat uitgevoerd 
werd in een fjord in zuid Noorwegen. Hier werden lot en effecten van kwik-
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chloride onderzocht op planktongemeenschappen geïsoleerd in zakken van ver-
schillende grootte (inhoud 1.5 - 30 m 3 ) . Hoofdstuk 4 is gewijd aan het lot 
en de effecten van de modelstoffen in de verschillende experimenten. 
Het lot van de stoffen in het modelsysteem was in het algemeen in overeen-
stemming met de verwachtingen. Cadmium bleef in het systeem en accumuleerde 
zeer langzaam in het sediment, dat zich verzamelde op de bodem van de zakken. 
DCA werd niet afgebroken, de andere organische stoffen braken zowel in het 
planktonsysteem af, als in de laboratorium die-away toetsen. Soms werden 
echter verschillen gevonden tussen beide toetssystemen. Fenol en 4CP werden 
soms langzamer afgebroken in de planktongemeenschap dan in de die-away 
toets, welke tegelijkertijd werd uitgevoerd met water afkomstig uit het 
plankton systeem. Dit snelheidsverschil werd waarschijnlijk veroorzaakt door 
factoren werkzaam op ecosysteem nivo, zoals bijvoorbeeld competitie tussen 
bacteriën om substraat en competitie tussen bacteriën en fytoplankton om 
anorganische nutriënten. 
Dit resultaat is van praktisch belang bij de extrapolatie van de resultaten 
van laboratorium biodegradatie toetsen naar de veldsituatie. Laboratorium 
toetsen worden vaak in het donker uitgevoerd, zodat competitie tussen bac-
teriën en algen afwezig Is. Bovendien worden nutriënten vaak in overmaat aan 
laboratorium cultures toegevoegd. Hierdoor zouden laboratorium toetsen ge-
makkelijk de afbraaksnelheden in oligotroof milieu kunnen overschatten. Vele 
zeeën en oceanen hebben een oligotroof karakter gedurende een groot deel van 
het jaar. 
Het lot van kwik in de model ecosystemen was eveneens onverwacht. Na de toe-
voeging van het kwikchloride namen de concentraties in het water af en in het 
sediment toe. Ook werd methylering van kwik geconstateerd. Een groot deel van 
het toegevoegde kwik verdween echter uit de systemen naar de atmosfeer, waar-
schijnlijk als vluchtig metallisch kwik. 
Een ander belangrijk punt was dat in één experiment aanwijzingen verkregen 
werden, dat bij de afbraak van 4CP en DCP stabiele en toxische intermediairen 
werden gevormd. Meestal worden biodegradatie- en toxiciteitstoetsen geschei-
den uitgevoerd. In het modelecosysteem werden lot en effecten van modelstof-
f en tegelijkertijd bestudeerd. Dit bleek ook van belang bij 5-nitrofuraan-
carbonzuur-2, dat zijn nitrogroep en zijn toxiciteit binnen een dag na toe-
voeging aan het modelecosysteem verloor, waarschijnlijk als gevolg van bloot-
stelling aan licht. 
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In de meeste experimenten leidde het toevoegen van de modelstof tot effecten 
op de opgesloten planktongemeenschap. De concentraties welke deze effecten 
veroorzaakten, waren relatief laag in vergelijking met de resultaten van 
laboratorium toxiciteits toetsen. 
Naast deze gevoeligheid van het modelecosysteem is het van belang dat het 
mogelijk bleek experimenten uit te voeren met zowel vele soorten organismen 
op één trofisch nivo, als met verschillende trofische nivo's binnen één ex-
perimenteel systeem. Toevoeging van vervuilende stoffen leidde veelal tot 
aantoonbare effecten op de interacties binnen één, of tussen trofische 
nivo's. In veel gevallen werden verschillen gevonden in de soortensamenstel-
ling van de planktongemeenschap tussen de controles en de vervuilde systemen. 
Ook verschillen in de relatieve dichtheden van organismen op verschillende 
trofische nivo's werden gevonden. Deze veranderingen zouden belangrijk kunnen 
zijn in veldsituaties, omdat kleine veranderingen, zoals bijvoorbeeld het 
verdwijnen van een soort, grote veranderingen in het ecosysteem kan veroor-
zaken via complexe interacties. 
Omdat kwik, cadmium, 4CP en DCP in dezelfde concentraties in verschillende 
experimenten werden getoetst, werd informatie verzameld over de reproduceer-
baarheid van de resultaten, welke gegeven is in hoofdstuk 5. Hoewel de begin 
omstandigheden tussen de experimenten sterk varieerden, kan geconcludeerd 
worden dat de toxicologische resultaten, d.w.z. het lot van de toegevoegde 
stoffen, alsmede de concentraties welke in effecten resulteerden, reprodu-
ceerbaar zijn. De intensiteit van de gevonden effecten bleek sterk samen 
te hangen met de situatie in de planktongemeenschap. 
De mogelijkheden om de verkregen resultaten te extrapoleren naar veldsitua-
ties worden besproken in hoofdstuk 6. Beschikbare informatie uit de verschil-
lende experimenten alsmede uit de literatuur suggereert dat de ontwikkeling 
van een planktongemeenschap opgesloten in een grote plastic zak kwalitatief 
overeenkomt met die van het "vrije" plankton gedurende tenminste vier weken. 
Verder werd aangetoond dat kwik vergelijkbare effecten heeft op plankton-
gemeenschappen die op verschillende plaatsen geïsoleerd waren (Canada, 
Schotland, Noorwegen, Nederland). Deze resultaten zijn een aanwijzing dat 
resultaten verkregen in de model ecosystemen geëxtrapoleerd kunnen worden 
naar andere zeegebieden. Aan de andere kant vormt de methode slechts een 
eerste stap en de model ecosystemen moeten gezien worden als een schakel 
tussen laboratorium- en veldsituatie. Het model ecosysteem is minder complex 
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dan de veldsituatie. Zelfs indien dit minder ingewikkelde systeem op een re-
latief oppervlakkige wijze wordt bestudeerd, zoals werd gedaan in onderhavige 
studie, dan nog zijn de concentraties welke effecten te zien geven relatief 
laag vergeleken bij andere toetsen. 
In hoofdstuk 7 worden enige opmerkingen gemaakt over de optimale opzet van 
dit type model ecosysteem experimenten. Voor ecotoxicologische toepassing, 
waarbij vissen of andere grotere carnivoren uitgesloten worden, blijken 
zakken met een inhoud van 1 à 2 m3 groot genoeg in relatief eutrofe wateren, 
zoals het Nederlandse kustwater. In meer oligotrofe milieus verdienen grotere 
eenheden (ca 10 m3) de voorkeur aangezien dan grotere monsters genomen kunnen 
worden. De optimale tijdsduur van een experiment is waarschijnlijk 4 tot 6 
weken. De opgesloten gemeenschap gaat bij langere experimenten meer en meer 
verschillen van de natuurlijke situatie, waardoor het steeds moeilijker wordt 
de resultaten te extrapoleren naar concrete veldsituaties. 
De beschreven model ecosystemen kunnen binnen de ecotoxicologie tenminste 
toegepast worden op twee gebieden: in de eerste plaats om de invloed van 
specifieke dumping praktijken en andere milieuproblemen te bestuderen, in 
de tweede plaats ter validatie van laboratorium toxiciteits- en biodegradatie 
toetsen. 
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APPENDIX 
Part of the results discussed in this thesis are published in detail in the 
following papers: 
Al Development of North Sea coastal plankton communities in separate 
plastic bags under identical conditions. Mar. Biol. 44:97-107 (1977). 
A2 An experimental approach in studying the influence of mercury on a 
North Sea coastal plankton community. 
Helgoländer wiss. Meeresunters. 30:652-665 (1977). 
A3 Fate and effects of mercury in marine plankton communities in experi-
mental enclosures. Ecotox. Environm. Safety 5:106-134 (1981). 
A4 Effects of mercury on enclosed plankton communities in the Rosfjorden 
during POSER. Submitted to Mar. Ecol. Prog. Ser. 
A5 Fate and effects of cadmium in marine plankton communities in experi-
mental enclosures. Mar. Ecol. Prog. Ser. 6:161-174 (1981). 
A6 Fate and effects of 5-nitrofuroicacid-2 (NFA) on a marine plankton 
community in experimental enclosures. Proc. 6th congress on aquatic 
toxicology of the ASTM, October 1981, St. Louis (in press). 
A7 Fate and effects of 3,4-dichloroaniline (DCA) in marine plankton 
communities in experimental enclosures (submitted to Aquatic Toxicology) 
A8 Fate and effects of 4-chlorophenol (4CP) and 2,4-dichlorophenol (DCP) 
in marine plankton communities in experimental enclosures (submitted 
to Aquatic Toxicology) 
A9 Influences of bag dimensions on the development of enclosed plankton 
communities during POSER (submitted to Mar. Ecol. Prog. Ser.) 
A4 and A9 were also published in Berichte aus dem Sonderforschungsbereich 94, 
Universität Hamburg, no. 21, April 1982. 
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Abstract 
In two experiments lasting 4 to 6 weeks, communities of North Sea coastal plankton 
kept in separate plastic bags (of about 1400 1) and exposed to the same environmen-
tal conditions showed very similar patterns of growth and decline. This result 
means that the method is suitable for the evaluation of toxic effects of environ-
mental pollutants at low concentrations on complex plankton systems. The phyto-
plankton in the bags produced a succession of blooms, which were probably limited 
by shortage of nutrients. The dominant zooplankton organisms were various species 
of copepods which can develop in the bags from egg to adult. Strong indications 
were found that mineralization of organic matter occurs in the bags. Chemical 
parameters and phytoplankton biomass were found not to be stratified, indicating 
that the contents of the bags were well mixed. 
Introduction 
Toxicological investigations are usually 
performed in the laboratory..To inter-
pret their results in terms of environ-
mental significance is difficult, one 
reason being that they usually are of 
short duration and limited to single 
species. Long-term experiments with more 
complex systems that can be regarded as 
a better approximation to field condi-
tions are needed urgently (Ringelberg, 
1973; Lacaze, 1974; Kersting, 1975). 
One way of bridging the gap between 
laboratory and natural conditions is to 
conduct experiments with large plastic 
bags housing plankton communities and 
suspended in natural waters (Strickland 
and Terhune, 1961; Goldman, 1962; 
Schelske and Stoermer, 1971, 1972; Horst-
mann, 1972; Brockmann étal., 1974; Par-
sons, 1974) . 
In 1975 we carried out three experi-
ments with North Sea coastal plankton 
communities kept in plastic bags in the 
harbour of Den Helder, The Netherlands. 
The long-term aim of this investigation 
and its sequel is to determine the ef-
fects of pollutants at low concentrations 
*Work carried out under Contract No. 110-75-1 
ENVN of the E.C. Environmental Research Pro-
gramme. 
on structure and function of a marine 
plankton ecosystem. The main objective 
of the first two experiments, reported 
here, was to find out whether the method 
is suitable for the purpose in hand. The 
main question asked was whether separate 
but (nearly) identical plankton communi-
ties develop in the same way when exposed 
to the same conditions. In case of a too 
large natural variability, it would be 
impossible to distinguish between the ef-
fects of added chemicals and natural be-
haviour. 
Materials and Methods 
Fig. 1 shows the construction of the 
bags, which is based on that described 
by Brockmann et al. (1974). 
The bags (0.75 m diameter) contain 
about 1400 1 of sea water each, and are 
made from a plastic laminate ("Trikoron", 
Alkor-Oerlikon Plastic GmbH, Munich, 
FRG), the inner layer consisting of 
100 um-thick polyethylene, which is bio-
logically inert, and the outer layer of 
30 um-thick polyamide, which has good 
mechanical strength. The frames from 
which the bags are suspended in a shel-
tered corner of the harbour of Den Hel-
der are made from aluminium. PVC buoys 
serve as floats. The bags are shielded 
Al-1 
plastic 
bag 
aea w a t 
Fig. 1. Diagram of a suspended plastic bag 
from contamination with rainwater and 
bird droppings (input of nutrients) by 
Perspex sheet covers. 
The first experiment, carried out in 
March-April, 19 75, lasted 6 weeks, the 
second, in May-June, lasted 1 month. In 
each of these experiments, 4 bags were 
simultaneously filled with natural sea 
water through a specially contructed 
branch pipe using a Begemann pump (type 
KZ 120-40). The sea water was collected 
from positions a few miles off the Dutch 
coast near Den Helder. To prevent large 
predators (Ctenophora, Cephalopoda) from 
entering the bags, the water was filtered 
through a 2 mm net. During the experi-
ments no nutrients or other chemicals 
were added to the contents of the bags. 
All samples, except those of zoo-
plankton, were taken daily at about 
9.00 hrs with a non-metallic sampler con-
sisting of two 1250 ml chambers that 
could be opened at any desired depth. To 
investigate the variation of various 
parameters with depth, samples were 
taken at depths of 0.5 and 2.0 m. In the 
first experiment samples of zooplankton 
were taken by pumping 100 1 of sea water 
from each bag through a 55 um net into 
a PVC container. The filtered water was 
returned to the bags. In the second ex-
periment, zooplankton samples were taken 
from the entire head of water in the 
bags by means of a pipe (3.2 1 volume) 
provided with a ball valve at the lower 
end. For collecting a sample (16 1), the 
pipe was lowered five times into the bag 
in an arbitrary way. The contents of the 
pipe were filtered through a 55 urn net, 
and the zooplankton filtered off was pre(-
served in a 4% formaldehyde solution. 
The zooplankton was counted according to 
procedures described by Fransz (1976). 
The development of phytoplankton was 
monitored by measurements of chlorophyll 
a concentration according to Strickland 
and Parsons (1968), by inspection with 
an inverted microscope of samples pre-
served with Lugol (Lund et al., 1958; 
Utermöhl, 1958), and by measurement of 
particle-size spectra with a Coulter 
Counter, model A (Sheldon and Parsons, 
1967). Six size classes, having average 
diameters of 13, 17, 23, 36, 56 and 78 uih, 
were measured. In the second experiment, 
size classes in the 3 to 11 um range j 
were occasionally included. 
The development of decomposers in the 
water was monitored by measurements of 
the differences between ATP concentra-
tions (according to Holm-Hansen, 1969) oh 
0.45 and 3 urn filters (Derenbach and Wil|-
liams, 19 74). 
Concentrations of orthophosphate, ni-
trate, nitrite and reactive silicate 
were determined according to Strickland 
and Parsons (1968). Other parameters thajt 
were measured include temperature, pH, 
salinity, Secchi disc visibility, and 
oxygen concentration. Values of global 
radiation per day were provided by the 
Royal Dutch Meteorological Institute. 
Most of the statistical analyses were 
performed according to the Standard TSAM 
procedures provided by the Cyphernetics 
Information Corporation (CIC). 
Wall effects were studied by means of! 
frames covered with polyethylene film. 
The frames were lowered to 0.5 and 2.0 n 
depth and algal biomass which had grown 
on them was sampled each week, using 
chlorophyll a as a parameter. 
Results and Discussion 
Development of the Phytoplankton 
The sea water with which the bags were 
filled contains considerable amounts of 
silt and sand, which are held in suspen' 
sion by turbulence that is in part due 
to strong tidal currents (Secchi disc 
visibility at the start of the first ex 
périment was 0.5 m and at the start of 
the second 2.4 m). Inside the bags ther^ 
is less turbulence, and so part of the 
solid matter soon settles, with a resul' 
tant increase in Secchi disc visibility 
Figs. 2 and 3 show the production of 
phytoplankton biomass measured as chlor<j> 
phyll a concentration in the first and 
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second experiments. The curves show a 
series of peaks. The growth of algae be-
gan after 8 days in the first, and after 
1 day in the second experiment, reaching 
a first maximum on, respectively, the 
15th and- 4th days. The difference be-
tween these time-lags is probably due to 
the light regime inside the bags. In May 
the amount of light energy entering the 
bags was nearly twice that at the end of 
March (during the first 9 days in March 
the average global radiation was 1226 J 
cm"2day~1 as compared with 2256 J cm-2 
day-1 in the first 2 days of May); in 
addition, the initial load of dead par-
ticles in the first experiment was much 
larger than in the second (initial Secchi 
disc visibility 0.5 and 2.4 m, respec-
tively) , whereas the initial chlorophyll 
concentrations were the same (5.0 mg m-3). 
A minimum is attained in 25 and 10 days, 
respectively, after which growth starts 
again, leading to a second peak in, re-
spectively, 32 and 16 days after the be-
ginning of the experiment, unfortunately, 
accidents caused the loss of two bags on 
the 12th day of the first experiment, 
and of one bag on the 13th day of the 
second. 
Fig. 4 shows, as a function of time, 
the cell volume of the main species de-
tected with the microscope in the second 
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experiment. The volumes were computed 
from cell measurements using simple geo-
metric shapes, such as cylinders, spheres, 
etc. In both experiments the first peak 
was generated by diatoms, in the first 
by chaetoceros diadema and Thallassiosira 
nordenskiöldii, in the second by the last-
named alone. 
The second peak in both experiments 
was generated by microflagellates. 
Figs. 5 and 6 show the concentration 
of particulate matter in the different 
bags, as measured with a Coulter Counter. 
(It is assumed that the density of the 
cells equals that of the surrounding wa-
ter.) In the course of the first growth 
peak of the first experiment, most of the 
particle volume was found in the size 
classes with average particle diameters 
of 23 and 36 um. No second peak was de-
tected, since size classes with a diam-
eter of 4 to 8 urn were not measured. At 
the beginning of the second experiment 
the size categories with average diam-
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Fig. 6. Concentration of particulate matter* dur-
ing second experiment. Average from samples 
taken at 0.5 and 2.0 m depth 
eters of 36 and 56 urn were in the major-
ity, with smaller particles becoming more 
abundant in the course of the second 
peak. The patterns found are similar to 
those shown by chlorophyll concentra-
tions and by microscopic cell counts. 
The growth of phytoplankton is often 
limited by a deficiency of light, nu- "* 
trients or both, or by zooplankton 
grazing. To assess the importance of one 
of these factors, we estimated the con-
centration of various nutrients in the 
first and second experiments (Figs. 7 
and 8). 
Paasche (1973) studied the kinetics 
of silicate uptake in 5 marine diatom 
species and found half-saturation con-
stants (Ks) of 0.8 to 3.37 ug-at si 1"1 . 
He also discovered that part of the re-
active silicate could not be utilized by 
diatoms (0.3 to 1.3 ug-at I"1). Davis et 
al. (1973) used a KS of 0.5 ug-at Si 1-1 
to compute maximum growth rates of skele-
tonema costatum. Van Bennekom et al. (1975), 
working in Dutch coastal waters, found 
that when silicate was depleted to 0.3 
ug-at l"1, artificial enrichment with 
silicate stimulated diatom growth. 
As to phosphate as a limiting nu-
trient, Goldberg et al. (1951) found 
that Asterionella japonica could not grow 
much further at concentrations below 
0.15 to 0.25 ug-at 1-1. In their study 
of Chaetoceros gracilis, Thomas and Dodson 
(1968) found a rate limiting concentra-
tion of 0.22 ug-at PO4-P 1-1, and a Ks 
of 0.12 ug-at 1-1. Van Bennekom et al. 
(1975) conclude that in Dutch coastal 
waters phosphate concentrations as low 
as 0.1 ug-at 1~1 could be growth-limiting. 
As to nitrate, Eppley and Thomas 
(1969) found KS values ranging from 0.1 
to 1.5 ug-at 1-1. Other investigators 
(Eppley et al., 1969; Maclsaac and Dugdale, 
1969) obtained similar results. 
The above literature data suggest 
that the growth of phytoplankton during 
the first peak in the second experiment 
is limited by a deficiency of silicate 
or phosphate or both. The first peak in 
the first experiment may be limited by a 
lack of silicate, but this is less clear. 
It is further uncertain whether grazing 
by zooplankton organisms was a signifi-
cant growth-limiting factor. It is re-
markable that, although nutrient concen-
trations after the first phytoplankton 
peak stay low, other peaks follow. Podamo 
(1974a), working in the sluice dock of 
Ostend, Belgium, obtained similar results 
(see "Development of Decomposers" for 
an explanation). 
During these experiments, no signifi-
cant differences (P <0.05) were found be-
tween samples taken at depths of 0.5 and 
2.0 m. This was the case for the param-
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eters measuring phytoplankton biomass 
as well as the physicochemical parameters 
(excluding temperature and light). 
Figs. 2, 3, 5 and 6 clearly reveal a 
high degree of similarity between the 
growth patterns of the phytoplankton com-
munities in separate bags. The group of 
Brockmann, working in Heligoland with 
plastic enclosures, obtained similar re-
sults (Brockmann, 1974, personal communi-
cation). Takahashi et al. (1975), who 
used four very large enclosures (70 m3), 
also found very similar growth patterns 
of the phytoplankton in each. 
Growth and mortality rates were com-
puted from the average chlorophyll con-
centrations at 0.5 and 2.0 m. No signif-
icant differences were found between cor-
responding slopes in different bags (P 
<0.05). Another strong indication that 
the development patterns of the system 
in the bags are similar is the qualita-
tive fact that corresponding peaks in 
different bags are generated by the same 
species. Theoretically, conditions in 
different bags must be largely identical 
if the pattern of species succession is 
to be the same (Odum, 1971; Parsons and 
Takahashi, 19 73). 
As regards algal growth on the walls, 
no chlorophyll could be detected on the 
polyethylene film suspended in the bags 
after 2 weeks in the first and 3 weeks 
in the second experiment. At the end of 
the first experiment, 1.4 mg.m-2 was 
found at 0.5 m and 0.2 mg.m-2 at 2.0 m 
depth. At the end of the second experi-
ment, 0.7 to 1.0 mg.m-2
 was detected. 
These values indicate that fouling of' 
the walls of the bags never became seri-
ous during the experiments. The main 
fouling species were pennate diatoms 
(e.g. Nitzschia longissima and Navicula spp. 
Development of the Zooplankton 
In both experiments, calanoid copepods 
were the dominant species. In the first 
experiment the following species were 
found: Temora longicornis, Pseudocalanus sp., 
Centzopages hamatust Acartia clausi and Eury-
temora sp. In the first experiment no 
quantitative information can be given on 
reactive silicate (ugat/l) 
May-June 1975 
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the growth of these species, because the 
method of sampling them was inadequate. 
The organisms probably managed to avoid 
being sucked into the pump hose (J. 
Gamble, Aberdeen, Scotland, personal com-
munication) . 
Figs. 9-11 show the development of 
the zooplankton during the second ex-
periment. Apart from the main species 
(Temora longicornis and Centropages hamatus), 
Acartia clausi and Paracalanus parvus devel-
oped in small numbers. 
The water with which the bags were 
filled also contained larvae of bivalves 
and worms, as well as a few barnacle 
nauplii (which were found as adults on 
the bottoms of the bags at the end of 
the experiment). 
Since the eggs of copepods hatch with-
in 2 days (Marshall and Orr, 1972), and 
since the number of nauplii increased 
during the experiment, it is probable 
that copepods can develop from eggs to 
adults in the bags. The very large num-
ber of nauplii and copepodites found in 
the bags can be explained by the absence 
of predators. The plastic bags in Loch 
Ewe, Scotland, contained larger numbers 
of these organisms than the surrounding 
water. This was also attributed to less 
prédation (Davies et al'., 1975). Likewise, 
Podamo (1974b) found similar numbers of 
the organisms in the sluice dock at Ost-
end, which can also be regarded as a 
more or less closed system, with herbi-
vores at the end of the trophic chain. 
The growth patterns in separate bags 
of Temora longicornis and Centropages hamatus 
and other copepods are very similar. Most 
of the differences can be attributed to 
counting errors. 
Development of Decomposers 
Decomposers are organisms, e.g. bacteria, 
which decompose and mineralize organic 
matter. The differences between ATP con-
centrations on filters of 0.45 and 3 um 
showed such a wide scatter that no con-
clusions could be drawn from them. Jassby 
(1975) has shown theoretically that 
estimation of bacterial biomass by means 
of fractional filtration techniques is 
usually impossible. 
5 10 15 20 25 30 
^Fig. 11. Centropages hamatus. Development during 
second experiment. Number of nauplii (a), cope-
podites (b) and adults (c) per liter 
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However, the fact that the first 
phytoplankton peak, which is accompanied 
by a depletion of nutrients, is followed 
by a second peak accompanied by much 
less nutrient depletion, strongly sug-
gests that the organic matter has begun 
to undergo mineralization. Podamo (1974a) 
obtained similar results from his ex-
periments in the sluice-dock at Ostend. 
He calculated that the nitrogen in the 
sluice dock must be recycled 10 times a 
year to make the successive phytoplank-
ton blooms possible. 
The fact that the second phytoplank-
ton peak is never generated by diatoms 
may be explained by differences in min-
eralization rates: it is well known that 
silicon is recycled at a much lower rate 
than phosphorus and nitrogen (Antia et 
al., 1963) . 
Conclusions 
Communities of North Sea c o a s t a l p lank-
ton i s o l a t e d a t the same time and having 
the same s i z e and composition show very 
much the same p a t t e r n s of development 
when exposed to the same environmental 
c o n d i t i o n s . This makes a p p l i c a t i o n of 
the p l a s t i c bag method in t o x i c o l o g i c a l 
r e sea rch p o s s i b l e . 
The "normal" behaviour of an i s o l a t e d 
plankton community in a per iod of 4 t o 6 
weeks i s t o produce a success ion of 
phytoplankton blooms, which are probably 
l imi ted by a shor tage of n u t r i e n t s . The 
dominant zooplankton organisms in the 
bags are var ious spec ies of copepods. 
From the fac t t h a t the success ive growth 
s tages of the copepods s t rong ly inc rease 
in number, i t fol lows t h a t t h e var ious 
spec ies can develop in the bags from egg 
to a d u l t . 
Strong i n d i c a t i o n s were found t h a t 
m ine ra l i za t i on of organic mat te r occurs 
in the bags . 
Chemical parameters and phytoplankton 
biomass were found not t o be s t r a t i f i e d , 
i n d i c a t i n g t h a t the contents of the bags 
were wel l mixed. 
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An experimental approach in studying the influence of 
mercury on a North Sea coastal plankton community 
J. KUIPER 
Centraal Laboratorium TNO; Delft, The Netherlands 
ABSTRACT: The development of North Sea coastal plankton communities in four simultane-
ously filled plastic bags was followed for one month. To obtain a concentration of 5 ppb in 
the water phase a single dose of mercuric chloride was added to two of the bags. This addition 
had a close impact on the development of the phytoplankton, while that on the zooplankton 
and the decomposers was less clear. In the course of the experiment, methylation of the added 
mercury proceeded in the sediment in the bags. The "plastic bag method" seems to be a suit-
able tool in toxicological research. 
INTRODUCTION 
Interpretation of the results of traditional toxicological laboratory experiments 
with single species, in terms of environmental significance, is difficult. Long-term 
experiments with more complex systems are urgently needed (Ringelberg, 1973; 
Lacaze, 1974; Kersting, 1975). Experimentation in the field, using toxic agents, 
encounters a number of practical difficulties. One way of bridging the gap between 
laboratory and natural conditions is to conduct experiments in large plastic bags 
housing plankton communities, the bags being suspended in natural water (Strick-
land & Terhune, 1961; Goldman, 1962; Schelske & Stoermer, 1971, 1972; Horstmann, 
1972; Brockmann et al., 1974; Parsons, 1974). 
In 1975, we carried out, in the harbour of Den Helder (The Netherlands), three 
experiments with North Sea coastal plankton communities enclosed in plastic bags 
(contents approximately 1400 1/bag). The aim was to determine the influence of low 
concentrations of a pollutant on the structure and function of a marine plankton 
system. In the first two experiments, the development of the plankton community in 
four simultaneously filled bags showed, during 4-6 weeks, very similar patterns (cf. 
Takahashi et al., 1975), indicating that the method could be applied in toxicological 
research. 
The aim of the third experiment was to investigate the development of the 
plankton system, when subjected to a single dose of mercury. Only the results of this 
experiment are reported here. 
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Figure 1 shows the construction of the bag; it is derived from that used by Brock-
man et al. (1974). Detailed information on the construction and operation of the bags 
will be published elsewhere. The experiment started August 25, 1975, and lasted one 
month. On the second day of the experiment, a single dose of mercuric chloride was 
added to two of the four bags in order to obtain a concentration of 5 ppb HgCU in 
the waterphase. To achieve this concentration, about 100 1 water had been pumped 
from each bag into a PVC container, in which it was rapidly mixed with 0.7 1 of a 
10 ppm HgCls solution in water. Next, the mixture was at once pumped back into the 
bag through a perforated ring of PVC tubing (diameter 60 cm) which was slowly 
lowered into the bag to ensure thorough mixing of the HgClä solution with the 
original content of the bag. 
plastic 
bag 
aaa waear 
Fig. 1 : Diagram of a plastic bag used for toxicological research 
All samples, except those for zooplankton analysis, were collected daily at 
approximately 9 a. m., a non-metallic sampler being used at depths of 0.5 and 2.0 m. 
Zooplankton samples were collected twice a week; the sampling technique then used 
had been applied before (Kuiper, in prep.). 
The development of the phytoplankton was monitored by measuring chlorophyll 
a concentrations according to Strickland & Parsons (1968) and by inspection of Lugol-
preserved samples, using an inverted microscope (Lund et al., 1958; Utermöhl, 1958). 
Cell volumes were computed from cell measurements assuming simple geometric forms 
(Vollenweider, 1969). The pigment extract for chlorophyll analysis was also used to 
measure the pigment index (D430/D665) described by Margalef (1965). In his opin-
ion, that index would be a measure for the diversity of the phytoplankton community. 
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Primary production was measured by the 14C-method (Steemann-Nielsen, 1952); 
100 ml samples were added to 1 ml of a NaHuCC>3 solution* in 125 ml bottles. 
After 6 h of incubation in the bags (a set of one light and one dark bottle was used at 
a depth of 0.5 m and another such set at 2.0 m), the bottles were transported to the 
laboratory in a dark box. Next, their contents were filtered through 0.45 /xm filters. 
Each filter was put in a scintillation solution (Anderson & Zeutschel, 1970; Pugh, 1973) 
and the activity measured with a Nuclear Chicago Mark I liquid scintillation counter. 
Correction for quenching was made by the channels ratio method. Computations of 
the 14C assimilation were corrected for ampoule activity and isotope discrimination. 
The development of zooplankton was followed by counting the organisms in the 
samples; we used the same procedures as Fransz (1976). With respect to the copepods, 
the nauplius, copepodite and adult growth stages of the different species were identi-
fied; growth and mortality rates were computed using the model of Fransz (1976). 
The development of decomposers in the waterphase was followed by measuring 
the differences in ATP concentrations (according to the method of Holm-Hansen, 
1969) on 0.45 and 3 ^m filters (Derenbach & Williams, 1974). 
Analyses of the concentrations of ortho-phosphate, nitrate, nitrite and reactive 
silicate were carried out as described by Strickland & Parsons (1968). The mercury 
concentration in the waterphase was measured by atomic absorption spectrometry, 
with an IRDAB HGM 2300 spectrophotometer. The mercury adsorbed on the walls 
of the bags, and the mercury concentration of the sediment at the end of the experi-
ment, were measured following Tjoe et al. (1973). Methylmercury concentrations in 
the sediment were determined according to Houpt and Compaan (1972) and Houpt 
(in preparation). 
The Royal Dutch Meteorological Institute (KNMI) was so kind as to provide us 
with the integrated daily values of global radiation, measured at the meteorological 
station "De Kooy". Standard deviations were estimated from the measurements using 
analysis of variance. Time series in different bags were compared by means of 
regression analysis. The significance of differences between the coefficients of these 
regression lines was tested using Students t. Students t was also used for testing the 
significance of differences between different measured values. Most statistical analyses 
were performed by the standard TSAM procedures of the Cyphernetics Information 
Corp. (CIC). 
RESULTS AND DISCUSSION 
D e v e l o p m e n t o f p h y t o p l a n k t o n 
The mercury concentrations measured in the morning of the third day of our 
experiment were the same as those calculated. Table 1 gives the mercury concentrations 
in the two bags, as a function of time. 
Five days after the addition of mercury, the Hg concentration dropped below 
* Ampoules with an activity of 3.8 /uCi ml"1 had been provided by the International 
Agency for 14C determination, Denmark. 
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Table 1 
Concentration of mercury in the waterphase (in ppb). Averages of duplicate samples taken 
at 0.5 and 2.0 m respectively, and their standard deviations (s.d.) 
Day of ex-
periment 
0 
3 
4 
5 
6 
7-32 
Addition of the HgCla occurred on the 2nd day of the experiment. 
Bag 1 
HgCl2 concentration 
< 0 . 3 
5.1 
1.7 
0.8 
0.7 
< 0 . 3 
+ 
+ 
+ 
+ 
+ 
_ 
0.1 
0.4 
0.2 
0.3 
-
Bag 4 
gCl2 concentration 
< 0 . 3 
5.2 
1.5 
1.0 
< 0 . 3 
< 0 . 3 
+ 
+ 
+ 
_ 
0.1 
0.4 
0.2 
-
-
the detection limit (0.3 ppb). As will be shown later, most of the mercury had 
probably been adsorbed by particles (cf. Smith et al., 1971) that settled on the bottom. 
Figure 2 shows the development of chlorophyll a in treated and untreated bags 
at a depth of 0.5 m. 
chlorophyll olmg/m *] 
August -Seple mber 1975 
o bag 1 mercury polluted 
• bog J. 
» bog 2 control 
a bag 3 
samples 05m 
Fig. 2: Chlorophyll a concentration, at a depth of 0.5 m in mercury-polluted bags and 
non-polluted controls 
Figure 3 gives the cell volume per liter of water for the dominant species in the 
phytoplankton. The water that was used to fill the bags contained a bloom of different 
diatom species from which Skeletonema costatum and Bacteriastrum kyalinum con-
tinued growing in the bags, reaching a maximum on the second day, when mercury 
was added to the bags. Chlorophyll a concentrations in the polluted bags declined 
faster on the 3rd day of the experiment than in the unpolluted controls. On the 
fourth day, the chlorophyll concentration in the polluted bags increases, while that 
in the controls continues to decline. In the controls, a second bloom begins on the 6th 
day and reaches a maximum on the 10th day. This peak is mainly due to the colony-
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forming //-flagellate Phaeocystis pouchetii. In the polluted bags, the beginning of the 
second chlorophyll peak is delayed until the 9th day, reaching a maximum on the 
14th day. This peak is mainly due to free-living //-flagellates and, for a minor part, 
to P. pouchetii. 
The second growth peak in the controls is followed by a minimum on the 15th 
day, and there is a third maximum on the 21st day. After this day, chlorophyll con-
centrations in the controls remain high. In the polluted bags, the second maximum is 
also followed by a less pronounced minimum and a new increase due to some species of 
//-flagellates. 
Species 
Asterionella japonica 
Bactenastrumhyalinum 
Biddulphia spp 
Chaetoceros spp 
Euzampia zoodiacus 
Rhizosolenia spp 
Hitzschia longissimo 
Thotassiosira spp 
Skeletonema costatum 
Dmoflogellates 
ju flogeltotes 
Phaeocystis pouchett, 
0 
ppm 2 
°y £ 
volume 
6 
time , days 
5 '0 15 
*w\ controls >, 
20 25 30 
/mercury polluted 
Fig. 3 : Development of cell volume of main phytoplankton species in mercury-treated 
bags and controls 
Compared to the standard deviation (s. d.) of the chlorophyll measurements itself 
(factor 1.08), the decline in chlorophyll concentrations on the 3rd day, and the in-
crease on the 4th day in the polluted bags, are significantly (p < 0.05) faster than in 
the controls. This means that, at concentrations higher than 1.5 ppb, mercury increases 
the rate of decline of the phytoplankton. In other words, mercury then reduces the 
growth rate of the phytoplankton. The small peak on the 5th day is probably caused 
by growth of nutrients not yet used on the 3rd day. Clendenning (1958) 
found inhibition of the growth rate of Macrocystis pyrifera to occur at a concentration 
of 50 ppb HgCfe. For Scenedesmus sp. Bringmann & Kuhn (1959) found growth rate 
inhibition at a concentration of 30 ppb. Ben Bassat et al. (1972) showed a lag of a few 
hours in the growth curve of Chlamydomonas reinhardii to be an effect of a con-
centration of 100 ppb mercuric chloride. Nuzzi (1972) reports inhibition of growth 
rates of various phytoplankton species by 7 ppb HgC^. The concentration of 1.5 ppb 
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that we found is also low compared with those occurring locally in polluted areas 
(f'onds, 1971 ; Smith et al., 1971 ; Keckes & Miettinen, 1972). 
A second effect of mercury addition is that, in the polluted bags, the second 
maximum is delayed four days, i. e. when Hg concentrations are no longer measurable. 
Ben Bassat et al. (1972) and Tompkins & Blinn (1976) also found lag phases, as an 
effect of addition of HgClg. Ben Bassat et al. (1972) suppose that the lag phase ends 
because the algae need time to convert the mercury, adsorbed by their cell walls, into 
a form which is not harmful to them. In our experiment, the possibility that minerali-
zation is retarded in the mercury-polluted bags seems more likely. 
A third effect of the mercury pollution is that the composition of the community 
of the second peak in the polluted bags differs from that in the controls. This is 
important because shifts in the community composition of the phytoplankton can 
have effects on higher trophic levels (Fisher Sc Wurster, 1974). 
Analysis of variance showed that, during the experiment, concentrations of 
chlorophyll at depths of 0.5 and 2.0 m did not differ significantly (p < 0.05). 
Fig. 4: Phytoplankton production (expressed as mgC production per ms water) in different 
bags at a depth of 0.5 m from 9-15 h 
Figure 4 shows the phytoplankton production in the individual bags at the 0.5 m 
level. The pattern corresponds to that shown by the chlorophyll a concentrations 
(Fig. 2). The s. d. of the measurements is a factor of 1.28 and, therefore, too large to 
detect significant differences in the rate of decrease of the first peak between the 
polluted bags and the controls. 
Contrary to results of the chlorophyll concentration, there is a marked effect of 
depth on the 14C-assimilation. Production at a depth of 0.5 m is almost always higher 
than at 2.0 m. Cadée & Hegeman (1974) state that the growth rate of wadden-sea 
phytoplankton is inhibited below light energy values of 0.84 J cm"ämin_1. Taking a 
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day at 10 hours, inhibition results at values smaller than 500 J cm~2dayn. The values 
at a depth of 2.0 m in the bags, computed from the light values and the secchi-disc 
readings, according to the formulas given by Parsons & Takahashi (1973) and Cadée & 
Hegeman (1974), are almost every day below this limit. If the growth rate of the 
phytoplankton varies with depth, and biomass and other physico-chemical parameters 
do not, this indicates that the water volume in the bags is well mixed. This mixing is 
probably caused by the small differences in temperature observed in the bags. 
Margalef index 
i 
mercury polluted 
controls 
- * - time fdoys I 
0 S 10 15 20 25 30 
Fig. 5 : Margalef index in different bags. Average from 0.5 and 2.0 m 
Figure 5 shows the value of the Margalef pigment index at different times of the 
experiment. No significant difference (p < 0.05) was found between the measurements 
at depths of 0.5 and 2.0 m. Therefore, the average value of these two measurements is 
presented. Thé same pattern is found as in earlier experiments: low values at chloro-
phyll maxima, high values at chlorophyll minima. Carreto & Catoggio (1976) obtained 
the same results working with cultures of Phaeodactylum tricornutum. They reported 
that the index describes in a simple way the variations in pigment proportions, in-
creasing in value as the proportion of phytosynthetically active pigments (like chloro-
phyll a and c) decreases. An interesting point is that, for a long period, values in the 
controls remain higher than in the polluted bags. This indicates that, apart from the 
physiological state, another factor plays a role in determining the value of the index. 
Probably the species structure (qualitatively, not quantitatively) is important. 
The development of the concentrations of the various nutrients (averaged for two 
depths and corresponding bags) is given in Figure 6. It shows the same pattern as in 
earlier experiments. The first phytoplankton peak consumes nutrients till some nutrient 
reaches growth-rate limiting values. This time, this role seems to be taken by the 
nitrogen-containing compounds (Mclsaac & Dugdale, 1968; Eppley et al., 1969; Epp-
ley & Thomas, 1969; Kuiper, in prep.). After the first phytoplankton peak, nutrient 
concentrations stay low. 
The development of the phytoplankton in separate bags shows similar patterns 
under identical environmental conditions; this confirms earlier results (Kuiper, in 
prep.) and is in agreement with results of Takahashi et al. (1975). 
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6.0 
50 
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20 
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\ \ 
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-4^-k=£=4T 
Fig. 6: Concentration of nutrients in the polluted bags and the controls. Average of two depths 
and replicate bags. Vertical bars indicate ± 1 standard deviation 
D e v e l o p m e n t o f z o o p l a n k t o n 
Apart from the calanoid copepods Temora longicornis, Acartia clausi, Centropa-
ges hamatus and Paracalanus parvus (the latter one only in small numbers), also a 
harpacticid copepod, Euterpina acutifrons, develops in the bags (no clear distinction 
could be made between copepodites and adults of E. acutifrons). Larvae of Spio sp. 
sometimes formed part of the zooplankton-biomass, which cannot be ignored. Counts 
of these larvae showed a much higher s. d. than could be expected, which is probably 
caused by the fact that these larvae are sometimes concentrated near the bottom, so 
that sampling was not adequate. Further the larvae of bivalves, periwinkles and 
nauplii of barnacles were found in small numbers, as well as a few Podon sp. 
The development of C. hamatus, on which the influence of the addition of the 
mercury was most clear, is shown in Figure 7. 
In the controls and in the polluted bags, the numbers of organisms generally 
increased sharply. A development of the different growth stages was seen for most 
species. Table 2 gives the results of the analysis of the differences in population densi-
ties between the polluted bags and the controls. The densities of T. longicornis and 
C. hamatus are significantly lower in the polluted bags than in the controls; as from 
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the 11th day of the experiment, the density of E. acutijrons is significantly higher than 
in the controls. To investigate whether these differences in density are caused by either 
increased mortality or a lower growth rate, the latter rates were estimated using the 
model of Fransz (1976). A sex ratio of 1.0 was assumed, and in the event of possible 
number per liter 
01 
100 
nauplii 
• mercury polluted 
- controls 
copepodites 
Fig. 7: Development of Centropages hamatus. Average from replicate bags (number of nauplii, 
copepodites and adults per liter) 
negative development rates, the same corrections were applied as used by Fransz 
(1976). Table 3 gives the relative development and mortality rates of C. hamatus 
together with one half of the 95 °/o confidence interval of these estimates. The estimates 
are of the same order of magnitude as Fransz (1976) found in the North Sea; this 
indicates that the copepods in the bags develop in a natural way. 
Due to the large s. d. of the individual counts on which the rate estimates are 
based, the s. d. of these rates is also very large. Differences between the development 
and mortality rates in different bags are never significant. However, the differences 
between densities of C. hamatus, in the polluted bags and in the controls, coincide 
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Table 2 
Analysis of differences between the average population density of different organisms in the 
polluted bags and the controls. Analysis done with the sign-test (Wijvekate 1972) + significant 
difference — no significant difference. Hg < C means: in mercury-polluted bags, the popu-
lation density is lower than in the controls, n = nauplii; c = copepodites; a = adults 
Species 
Temora longicornis 
Acartia clausi 
Centropages hamatus 
Euterpina acutifrons 
Paracalanus parvus 
Spio larvae 
Podon sp. 
Stages 
n 
c 
n 
c 
a 
n 
c 
a 
n 
c/a 
n 
c 
Differences 
+ 
+ 
_ 
+ 
+ 
+ 
+ 
+ 
+ 
—; 
p = 0.02 
p = 0.05 
p = 0.05 
p = 0.05 
p = 0.05 
p = 0.02 
p = 0.10 
p = 0.10 
Experimental conditions 
H g < C 
H g < C 
H g < C 
H g < C 
H g < C 
Hg > C (since 11th day of 
experiment) 
H g < C 
H g < C 
Table 3 
Estimates of the relative development and mortality rate of Centropages hamatus. In brackets, 
one half of the 95 °/o confidence interval is given 
Bag 
no. 
Relative development rate Relative mortality rate 
nauplii copepodites nauplii copepodites adults 
1 mercury-contaminated 0.16(0.27) 
2 control 0.20 (0.14) 
3 control 0.19(0.22) 
4 mercury-contaminated 0.12 (0.06) 
0.00(0.00) -0.05(0.31) 0.14(0.30) 0.30(0.51) 
0.02(0.03) -0.04(0.41) 0.06(0.10) 0.40(0.84) 
0.02(0.04) -0.13(0.30) 0.04(0.14) 0.51(0.96) 
0.00(0.00) -0.03(0.15) 0.05(0.06) 0.25(0.57) 
with lower development rates of nauplii and copepodites in the polluted bags. 
Accordingly, the added mercury probably inhibited the growth rate but did not raise 
the mortality of C. hamatus. 
Apart from the large s. d. of individual counts, the fact that mercury influences 
the zooplankton during a relatively short time only, may explain why the effects of 
added mercury are not more pronounced. If, for example, a small lag phase occurs in 
the growth of a copepod, which seems the case for C. hamatus and T. longicornis, then 
computation of development and mortality rates using all samples tends to hide the 
effect. 
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D e v e l o p m e n t o f d e c o m p o s e r s 
The ATP measurements could not be used to evaluate the development of de-
composers-biomass, which was foreseen by Jassby (1975) on theoretical grounds. How-
ever, the fact that the first phytoplankton peak, which in its growth depletes the 
nutrients, is followed by a second and a third, during which nutrient concentrations 
do not decrease considerably, indicates that, in the bags, mineralization occurs. 
The second phytoplankton peak in the polluted bags is delayed four days. This 
lag phase is probably not caused by the fact that the phytoplankton cells need time to 
transform the mercuric chloride into a chemically less harmful compound (Ben Bassat 
et al., 1972). Concentrations of mercury in the waterphase are very low and, already 
on the 5th day, there was phytoplankton growth in the polluted bags. Probably the 
lag phase in the phytoplankton is caused by a lag phase in the growth of the decom-
posers, i. e. by a reduced rate of mineralization. Inhibition of bacterial growth 
requires mercury concentrations in the ppm range (Greeson, 1970); these concentra-
tions were found of the experiment in the sediment of the polluted bags. 
" F a t e " o f a d d e d m e r c u r y 
The decrease of mercury concentrations in the waterphase of the treated bags is 
given in Table 1, while Table 4 gives the results of mercury concentration measure-
ments in the sediment of the bags, collected at the end of the experiment (collection 
of sediment in Bag 3 failed). 
Table 4 
Concentrations of mercury and methylmercury in sediments of treated bags and controls at 
the end of the experiment 
„ ~ , Tj . Concentration Concentration of methyl 
B a8 V?taI " f " \ Hg (ppm based Hg (ppb based on wet 
no. sediment (me) 8 V . • ,.., •IC.N / J ico/ \ 
v b
' on wet weight) weight); (s.d. 15 °/o) 
1 mercury-contaminated 0.19 5.4 2.3 
4 mercury-contaminated 1.10 24.5 13.7 
2 control 0.003 0.06 < 0.5 
During the experiment, the mercury concentrated in the sediment to the ppm 
level. However, most of the added mercury (7 mg to each bag) could not be recovered. 
On the walls of the bags about 40 /ug had adsorbed. If we assume that, till the end of 
the experiment, the mercury concentration in the waterphase remained 0.3 ppb -
which is not very likely (see Smith et al., 1971) - in each bag 0.4 mg remained in 
the waterphase. In the sediment, 0.19 mg and 1.10 mg, respectively, were recovered. 
This means that 6.4 mg from Bag 1 and 5.5 mg from Bag 4 are not accounted for. 
A possible explanation may be the methylation of mercury in the sediment. 
Measurable amounts of methylmercury were found in the Hg-contaminated bags 
(Table 4), and the control showed no detectable amounts of this substance. It must be 
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assumed that methylmercury was formed as a result of metabolical processes. As 
dimethylmercury is highly volatile, it is feasible that the mercury disappeared in the 
atmosphere via this derivate. 
Another explanation for the loss of mercury from the bags may be volatilization 
of the added mercury, this being the transformation into metallic mercury by bacteria 
(Kushner, 1974; Schottcl et al., 1974). 
CONCLUSIONS 
A single dose of 5 ppb mercuric chloride added to a North Sea coastal plankton 
community, enclosed by a plastic bag, resulted in: (a) disappearance of the mercury 
from the waterphase within five days, caused by adsorption on particles that had 
settled on the bottom of the bags; (b) a reduced phytoplankton growth rate, as long as 
mercury concentrations were higher than 1.5 ppb; (c) a delay in the beginning of the 
second phytoplankton bloom, probably due to a lag phase in the mineralization of 
organic matter in the sediment; (d) a change in the community structure of the 
phytoplankton of the second bloom; (e) lower population densities of two copepod 
species, probably caused by a reduced growth rate in the period following the mercury 
addition; (f) methylation of the added mercury in the sediment. 
The "plastic-bag method" seems to be a suitable tool in toxicological research. 
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The development of a North Sea coastal plankton community exposed to different degrees 
of mercury stress in six simultaneously filled plastic bags was followed for 44 days. Mercuric 
chloride was added to four bags to yield concentrations of 0.5 (one bag), 5 (two bags), and SO 
/ig Hg- liter-1 (one bag) in the water. Two bags served as controls. It could be shown that a 
single dose of 0.5 /xg Hg- liter" ' altered the species composition of the algal community on the 
walls of the bag. Addition of 5 /u.g Hg liter' had a marked impact on the development of the 
phytoplankton, as well as on that of the zooplankton and decomposers. Addition of 50 /ug 
Hg - liter-' caused inactivation or death of the phytoplankton and zooplankton. The toxicity of 
mercuric chloride to the phytoplankton depends on (a) the concentration of the mercury, and 
(b) the particle concentration, i.e., the surface area available for adsorption of mercury. For 
this second reason the ratio between numbers of living cells and inanimate particles is an 
important factor influencing mercury toxicity in aquatic ecosystems. Methylation of the 
added mercury occurs in the sediment of the bags after a lag phase of 1 month. Most of the 
added mercury disappears from the system by volatilization to metallic mercury. The 
remainder is absorbed by the sediment and the walls of the bags. 
Contents. 1. Introduction. 2. Material and Methods. 2.1. Experimental handling. 2.2. 
Analytical methods. 2.3. Statistics. 3. Results. 3.1. Development of the phytoplankton. 3.2. 
Development of the zooplankton. 3:3. Development of decomposers. 3.4. Fate of the added 
mercury. 3.5. Algal growth on the walls. 4. Discussion. 4.1. Development in duplicate bags. 
4.2. Effects of mercury on the phytoplankton. 4.3. Effects of mercury on the zooplankton. 4.4. 
Effects of mercury on the decomposers. 4.5. Phytoplankton-zooplankton interactions. 4.6. 
Fate of the added mercury. 5. Conclusions. 
INTRODUCTION 
Toxicological investigations are usually performed in the laboratory and the 
interpretation of their results in terms of environmental significance is difficult for 
several reasons (e.g., Gray, 1974). In order to assess the value of experiments in the 
laboratory for determining safe "no-effect" levels in the field, there is a need for 
experiments with more complex systems that can be regarded as approximat-
ing more closely field conditions (Ringelberg, 1973; Lacaze, 1974; Ketchum 
et al., 1975). 
Several investigators in aquatic ecology and ecotoxicology use large plastic bags 
suspended in natural waters to study the relationships between the plankton and its 
environment, and so to narrow the gap between laboratory and natural conditions 
(Strickland and Terhune, 1961; Horstmann, 1972; Reeve et al., 1976; Menzel and 
1
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Case, 1977; Davies and Gamble, 1979). In 1974 this type of research was started 
using Dutch coastal water plankton communities. Experiments with nonpolluted 
systems showed that the method of enclosing a plankton community in a plastic bag 
can be used in toxicological research (Kuiper, 1977a), and further investigations 
(Kuiper, 1977b) were aimed at determining the effects of pollutants in low 
concentrations on the development of the enclosed system. The model pollutants 
were added in single doses, since this practice more closely simulates the 
"normal" field situation, where the source of a pollutant usually is an outfall, a 
river, or a dumping event (Menzel and Case, 1977). 
This paper describes an experiment in 1976 in which the influence of mercuric 
chloride on the development of a plankton community was studied. A single dose of 
mercury was added to several bags at three concentrations. Since conversion of 
inorganic mercury compounds into more toxic methylated forms is known to occur 
in natural waters (Bryan, 1976), some attention was paid to the possibility of this 
process occurring in the experimental bags. 
2. MATERIAL AND METHODS 
2.1. EXPERIMENTAL HANDLING 
The experiment was started on 29 March and concluded on 12 May 1976. Six bags 
were filled simultaneously with about 1400 liters of North Sea coastal water 
collected a few miles offshore. The bags were anchored near a raft in a quiet corner 
of the harbor of Den Helder. Large predators (Ctenophora, Cephalopoda) were 
prevented from entering the bags by filtration of the water through a 2-mm net. 
Details of the construction of the bags and the operation procedures have been 
described by Kuiper (1977a). 
On Day 7 (the start of an experiment being designated Day 0) single doses of 
mercuric chloride were added to four of the bags to give initial concentrations of 0.5, 
5,5, and 50 /ig Hg • liter" ', respectively. To this end, 100 liters of water was pumped 
from each bag into a PVC container and rapidly mixed with 1 liter of a concentrated 
solution of mercuric chloride in acidified water. This mixture was at once pumped 
back into the bag through a PVC sprinkler, which was slowly lowered into the bag to 
ensure thorough mixing of the solution with the seawater in the bag. The bags with 
initial concentrations of 0.5, 5, 5, and 50 /xg Hgliter"1 will be referred to as HI, 
H5a, H5b, and H50 respectively. Two bags serving as controls were given the 
same treatment, except that no pollutant was added to their contents. These bags 
are denoted CI and C2. 
The development of the system in the bags was monitored by means of the 
parameters listed in Fig. 1. All samples, except those of zooplankton, were taken 
daily, as a rule at 9 AM, with a nonmetallic sampler consisting of two 1250-ml 
chambers that could be opened and closed at any desired depth. To investigate the 
variation of selected parameters with depth, samples were always taken at depths of 
0.5 and 2.0 m. Zooplankton samples were collected by means of a pipe (length 3 m, 
diameter 4 cm) with a ball valve at the end, sampling nearly the entire water column 
(0-2.5 m). Each sample (16 liters) consisted of five random lowerings of the pipe 
into each bag. The contents of the sampler were filtered through a 55-/u.m net, and 
the samples at once fixed and preserved in a 4% formaldehyde solution in filtered 
seawater. 
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FIG. 1. Simplified diagram of the interrelations between the different trophic levels and the abiotic 
factors influencing the development of the organisms on these trophic levels of the plankton community 
enclosed by the plastic bags. Also indicated are the parameters by which changes in the system are 
monitored. 
The amount and species composition of the periphyton fouling the walls of the 
bags were assessed from the algal biomass collecting on glass and polyethylene 
microscope slides mounted in frames which were lowered into the bags. Slides were 
removed twice a week for microscopical inspection and determination of 
chlorophyll. Sedimenting material was collected in traps consisting of polythene 
funnels (diameter 12 cm), whose shafts had been stoppered, and which were 
suspended from the start of the experiment at a depth of 2.25 m. One sample 
consisted of the contents of one trap. 
2.2. ANALYTICAL METHODS 
The chlorophyll concentration of 1-liter samples was measured according to 
Strickland and Parsons (1968). Before the samples were filtered through Whatman 
GF/C filters, 1 ml of a 1% magnesium carbonate suspension was poured on the filter. 
The filters were transferred to 10 ml 90% acetone and after 1 min of sonification with 
a Branson ultrasonic generator, the remnant was extracted for 24 hr in a refrigerator. 
After centrifugation, pigment concentrations were measured with a Vitatron MPS 
photometer system using 1-cm cells. Concentrations of chlorophyll and phaeopig-
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ments were calculated according to the equations given by Lorenzen (1967). When 
chlorophyll concentrations were less than 1 mg-m~3 the fluorometer unit of the 
Vitatron was used, and the instrument calibrated with a sample of known 
chlorophyll concentration. 
To determine the amount of chlorophyll on the microscope slides collected from 
the bags, the backs of the slides were cleaned and the slides transferred to glass 
vessels and broken. To each vessel, 10 ml of 90% acetone was added and after 1 min 
of sonification and 24 hr of extraction, the chlorophyll content of the extract was 
measured. The samples of phytoplankton were preserved with Lugol's iodine 
(Vollenweider, 1969) and examined with a Zeiss inverted microscope (Ütermöhl, 
1958). The main species were identified where possible using nomenclature given 
by Drebes (1974) and Ingram Hendey (1964). 
The concentration and size distribution of suspended particulate matter were 
measured with a Coulter counter, Model TA II, with a population accessory, using a 
100 or 280-Mm tube or both (Sheldon and Parsons, 1967; Gamble et al., 1977). 
Primary production was measured by Steemann-Nielsen's (1952) 14C method. 
Samples of 100 ml were added to 1 ml of NaHHC0 3 solution (ampoules with an 
activity of 3.6 /iCi-ml -1 were supplied by the International Agency for UC 
determination, Horsholm, Denmark) in 125-ml light and dark bottles. One light and 
one dark bottle were suspended at depths of 0.5 and 2.0 m in the bags. After 6 hr of 
incubation (9 A M - 3 PM) the bottles were taken to the laboratory in a dark box, and 
their contents filtered through 0.45-ju.m membrane filters (Sartorius No. 11306). 
Each filter was put in a counting vial containing 10 ml of a scintillation solution 
(Anderson and Zeutschel, 1970; Pugh, 1973). The vials were counted with a Packard 
Tri-Carb liquid scintillation counter. The inorganic carbon content of the water was 
determined by titration according to Strickland and Parsons (1968). 
The concentrations of orthophosphate, ammonia, nitrate, nitrite, and reactive 
silicate were measured with a Technicon autoanalyzer according to Strickland and 
Parsons (1968) and Technicon procedures. 
The zooplankton was counted, identified, and measured by the procedures 
described by Fransz (1975). Subsamples of the 16-liter sample were examined with 
a projection microscope until at least 150 organisms had been counted. The changes 
of the population densities in the various stages of development of the copepods, 
which always form the major part of the zooplankton biomass in the bags, were used 
to estimate development and mortality rates of selected species, as well as the 
production of organic matter by these organisms according to Fransz (1975). 
Development of the decomposers in the water and sediment was monitored by 
plating samples once a week on agar enriched with medium 2216 E according to 
Oppenheimer and Zobell (1952). The pH was measured with a Beekman Model 3550 
pH meter. Other parameters measured include water temperature, salinity, Secchi 
disc visibility, oxygen concentration, and global radiation. 
The mercury concentration in the water was measured by atomic adsorption 
spectrometry, with an IRDAB HGM 2300 spectrometer, according to Spijk (1975). 
Mercury concentrations in the sediment were measured according to Tjoe et al. 
(1973). Methylmercury concentrations in the sediment were determined according 
to Houpt (1976). 
Bioassay tests were used to establish whether any of the nutrients measured was 
limiting phytoplankton growth during peaks. In these tests a mixed sample of 5 liters 
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(2.5-liter samples from depths of 0.5 and 2.0 m) was distributed over sixteen 500-ml 
conical flasks in portions of 250 ml each. The water in 14 flasks was enriched with 
different combinations of NaN0 3 (+30 /Amol-liter-1), Na2HP04 (+2.5 /umolli-
ter -1), and NaSi03-9H20 (+5 /nmol-liter-1). Two flasks served as controls. The 
remainder of the 5-liter sample was taken to the laboratory for a number of analyses. 
The flasks were left in a container on the raft and were cooled by harbor water 
pumped through the container. Two days after the start of the test, the contents of 
the flasks were sampled, and inspected with a microscope, a Coulter counter, or 
both for possible growth after addition of the nutrients. 
2.3. STATISTICS 
Most statistical analyses were performed on the CDC 6400 computer of 
IWIS-TNO, The Hague. Computations for the zooplankton analyses were 
conducted with the CDC 6600 of the Nuclear Centre at Petten (with the help of Dr. 
Fransz of the Netherlands Institute of Sea Research, Texel). 
For all cases where no confidence level is given, P < 0.05 was used. 
3. RESULTS 
3.1. DEVELOPMENT OF THE PHYTOPLANKTON 
General Remarks and Phytoplankton Biomass 
The water with which the bags were filled contained a considerable amount of silt 
and detritus (Secchi disc-visibility 0.5 m). The salinity was 30.2%«, indicating that 
about 11% of the water came from freshwater sources. 
Figure 2 shows the mercury concentrations in the water in the bags. 
Concentrations in all bags rapidly fell below the detection limit except in bag H50. 
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FIG. 2. Development of mercury concentrations in the water of the polluted bags (average 0.5 and 
2.0 m in depth). 
A3-5 
EFFECTS OF MERCURY ON MARINE PLANKTON 111 
iOO 
200 
too 
50 
20 
10 
Marzh-Moy 1976 
g controls 
t OS/ugHgf1 
* S 
o 50 
40 
FIG. 3. Development of chlorophyll concentrations in the different bags (average 0.5 and 2.0 m in 
depth). 
More details about the fate of the added mercuric chloride are given in Section 3.4. 
The development of phytoplankton measured by chlorophyll concentration is 
shown in Fig. 3. The general pattern is similar to that found in earlier experiments 
(Kuiper, 1977a,b). Due to diminished turbulence inside the bags, part of the solid 
matter settled on the bottom after the bags were filled, with a resulting decrease in 
chlorophyll concentration and increase in Secchi disc visibility to about 2.0 m. 
After 2 days chlorophyll concentrations began to rise owing to growth of diatoms 
(Chaetoceros diadema and other Chaetoceros spp.) and microflagellates. The 
addition of 5 and 50 /ig- liter-1 mercury on Day 7 resulted in a decrease in 
chlorophyll concentrations. Phytoplankton growth was inhibited. This was not 
observed in bag HI. Considering the standard deviation of the chlorophyll 
measurements (15%), chlorophyll concentrations in HI on Days 8,9, 10 and 11 are 
not significantly less than those in the controls. In these, and in bag HI (0.5 /u,g 
Hg • liter-1), the chlorophyll concentration reaches a maximum on Day 12, falls to a 
minimum on about Day 25, after which it slowly rises again owing mainly to growth 
of microflagellates and dinoflagellates. 
As mercury concentrations in the water decrease further, growth starts again in 
the 5 and 50 jig- liter-1 bags. The steep growth maximum in bags H5a and H5b (5 
/tig-liter-1) is delayed by 9 days, and in bag H50 (50 /itg-liter-1) by 29 days with 
respect to the controls. In bags H5a and H5b this maximum is caused by different 
organisms. In one bag most of the biomass consisted of Thalassiosira 
nordenskioldii together with large flagellates and microflagellates. In the other bag it 
consisted of the latter two groups of organisms only. In bag H50 the growth peak is 
due to diatoms ( Th. nordenskioldii and Skeletonema costatum) and in minor part to 
large flagellates. 
Figure 4 shows the concentration of phaeopigments in the course of the 
experiment. Phaeopigments are degradation products of chlorophyll. Their 
concentrations at the start of the experiment was relatively high, but decreased with 
a factor of 2 per day down to 0.1 mg- m-3 on Day 4. An increase in phaeopigment 
A3-6 
112 JAN KUIPER 
FIG. 4. Development of concentrations of phaeopigments in different bags (average 0.5 and 2.0 m in 
depth). 
concentration always coincides with a decrease in chlorophyll concentration. 
The development in H5a differs from that in H5b. After the second growth peak 
of the phytoplankton, phaeopigment concentrations in one bag rose to only 0.4 
mg-m"3 on Day 28, while the concentrations in the other bag increased to 1.2 
mg- m~3 and remained high until Day 37. The different species compositions of the 
phytoplankton in these bags may have been the cause of this effect. 
particulott motter 
mm'r' 
FIG. 5. Concentration of particulate matter in different bags (average 0.5 and 2.0 m in depth). 
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FIG. 6. Size spectrum of particulate matter on days of maximum volume in different bags at a depth of 
2.0 m. 
At the end of the experiment the concentration of phaeopigments suddenly 
increased in bag H50 to 13.7 mg • m~3, which is extremely high. The decrease of the 
chlorophyll concentration on the preceding days was at least 11 m g m " 3 . Further 
degradation of the phaeopigments seems to have been retarded. 
Figure 5 shows the concentration of particulate matter as measured with a 
Coulter counter. The pattern is similar to that shown by chlorophyll concentrations, 
TABLE 1 
MAIN SPECIES GENERATING CHLOROPHYLL MAXIMA IN THE DIFFERENT 
BAGS DURING THE EXPERIMENT 
OugHg-1-') Phytoplankton species 
Cell volume range 
Day (/um3) 
Control 
0.5 
50 
Chaetoceros diadema 12 150-500 
Chaetoceros spp. 
Microflagellates 
Chaetoceros diadema 12 150-500 
Chaetoceros spp. 
Microflagellates 
Thallassiosira nordenskiöldii 20-22 200-1100 
Large flagellates (Rhodomonas sp.) 
Microflagellates 
Thallassiosira nordenskiöldii 41 2200-4500 
Skeletonema costatum 
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although maxima were often reached 1 day later, and the range between minima 
and maxima was much narrower. Addition of 5 and 50 /ig Hg-liter-1 had a very 
marked effect; after addition of 0.5 fig Hg-liter-1, concentrations of particulate 
matter were not significantly lower than those in the controls. Interestingly, the 
concentration of particulate matter in bag H50 did not fall to less than about 0.5 
mm3liter~'. The particles were all smaller than 10 |iim in diameter; they were 
probably nonliving and kept in suspension by turbulence. 
Figure 6 shows the distribution of particulate matter over the different size 
categories at times coinciding with phytoplankton maxima in the different bags. 
Addition of mercury influenced the. selection of species forming the major part of 
the subsequent phytoplankton blooms: at higher mercury concentrations, larger 
cells were selected. Table 1 lists the species that generated the growth peaks in the 
different bags, together with their cell volumes. These results are remarkable, 
because in earlier experiments (Kuiper, 1977a,b) the succession in time of species 
invariably proceeded from large ones, mostly diatoms, to small microflagellates, a 
trend that has also been found by other investigators (Takahashi et al., 1975; Grice 
and Menzel, 1978; Thomas and Seibert, 1977). 
Primary Production 
The phytoplankton production between 9 AM and 3 PM measured with the 14C 
method in bags at depths of 0.5 and 2.0 m is shown in Fig. 7. Analysis of variance 
production ,mgC i 
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FIG. 7. Carbon assimilation in different bags at 0.S and 2.0 m of depth from 9 to 15 hr. 
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TABLE 2 
RELATIVE CARBON ASSIMILATION JUST BEFORE AND JUST 
AFTER ADDITION OF MERCURY 
Day 
4 
6 
7 
8 
9 
Bag 
(WSHg-1-1) 
All 
All 
All 
Controls 
0.5 
5 
50 
Controls 
0.5 
5 
50 
Depth 
0.5 m 
5.0 (0.5)s 
5.0 (0.5) 
7.7 (0.5) 
6.7 (0.8) 
7.8(1.1) 
4.2 (0.8)* 
-0.1(1.1)* 
5.1(0.8) 
5.1(1.1) 
6.6 (0.8) 
-0.3(1.1)* 
2.0 m 
3.2 (0.5) 
2.9 (0.5) 
3.0 (0.5) 
2.6 (0.8) 
2.5(1.1) 
1.3(0.8) 
0.1 (1.1)* 
3.1(1.1) 
2.6(1.1) 
1.8(1.1) 
1.2(1.1) 
"Values are expressed as mg C(mg chl)"'(6 hr)~', with 
the SD in parentheses. 
* Significantly different from controls (P < 0.1). 
gives an estimate of the SD of the measurements of 14%. Apart from the addition of 
the mercury, resulting in a different pattern in time in bags H5a, H5b, and H50, the 
depth and the phytoplankton concentration have great influence on the 
development of primary production with time. 
Figure 8 shows the carbon assimilation from 9 AM to 3 PM per milligram of 
chlorophyll (relative carbon assimilation) at a depth of 0.5 m. Addition of 5 jug 
Hg-liter-1 inhibits this relative carbon assimilation on only one day (Day 8). After 
t rtlolivt corbon assimilation 
tmq C. tmachlar'. IGhrl4 
iO 30 
^ ttmitdoys) 
FIG. 8. Carbon assimilation (from 9 to IS hr) per milligram of chlorophyll at depths of 0.5 and 2.0 m in 
different bags. 
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FIG. 9. Relative carbon assimilation as a function of light intensity (energy input). 
this 1-day inhibition the relative carbon assimilation is higher in 5 /ug- liter-1 bags 
than in the controls and bag HI (see also Table 2). 
The relative carbon assimilation in bag H50 is not shown in Fig. 8. After addition 
of the mercury it was inhibited for at least 6 days. Thereafter the scatter of this ratio 
was very high (range 0-482), probably due to errors in the measurements at the very 
low levels of chlorophyll and production during this period. 
Contrary to phytoplankton biomass (chlorophyll, particulate matter), which is 
evenly distributed over the bags, relative carbon assimilation at a depth of 2.0 m is 
nearly always lower than that at 0.5 m, probably owing to the lower light intensity 
at 2.0 m. Figure 9 shows the relative carbon assimilation during periods of growth 
against available light energy. The available light Id at depth d was computed from 
\d = 0.95-lo-e~kd (Parsons et al., 1977), where l0 = global radiation per day, d 
- depth (in m), k = vertical extinction coefficient. The factor 0.95 is incorporated 
to correct for 5% absorption of the light by the Plexiglas covers of the bags. In this 
formulae is estimated to be equal to 1.7/5 (Cadée and Hegeman, 1974), where 5 is 
the Secchi disc visibility in meters. Below light energy inputs of about 500 J • cm-2 • 
day-1, the available light energy can inhibit the relative carbon assimilation rate. 
Nutrients 
Figures 10A-E show the development of the phytoplankton nutrients. As usual 
the first phytoplankton bloom depletes the nutrient pool until the concentration of 
some nutrient (not necessarily one of those measured) falls to a value that limits 
growth. It is clear that the phytoplankton first utilizes the available ammonia before 
broaching the supply of nitrate. 
The most prominent result of adding mercury is the time lag in the growth of 
phytoplankton in H5a, H5b, and H50. In addition, the development of nitrogen 
compounds in these bags proceeds along different lines. Figure 10B shows that 
nitrate concentrations in the bags to which 5 /u.g Hg-liter-1 was added decreased 
further than those in the controls; Fig. 10C shows that the nitrite concentrations 
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FIG. 10. Concentration of selected phytoplankton nutrients in the different bags (average of 0.5 and 
2.0 m in depth). 
remain high in H5a, H5b, and H50; and finally, Fig. 10A shows that in H5a and H5b 
the increase in ammonia concentrations is delayed longer than can be expected 
from the time lag in phytoplankton growth. 
The question whether one of the measured nutrients was limiting phytoplankton 
growth was investigated in bioassay experiments on three occasions. On Day 11, 
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FIG. 11. Development of Temora longkornis. Numbers of small nauplii (a), large nauplii (b), 
copepodites (c), and adults (d) per liter in the different bags. 
samples from the controls were incubated. Coulter counter counts gave no 
significant differences between the controls and the flasks to which nutrients had 
been added. On Day 15 (after the chlorophyll maximum) a second test was done 
with a sample from one control bag. Again there were no significant differences, 
indicating that none of the added nutrients was limiting phytoplankton growth 
during the first peak in the controls and 0.5 /ig liter-1 bag. Considering the low 
concentrations of phosphate and silicate, this finding is remarkable. On Day 23, 
samples from H5a were incubated. Coulter counter results and microscopic 
inspection showed that in this bag phosphorus and silicon limited the growth of Th. 
nordenstkiôldii; there is probably a different limiting factor for the flagellates. 
3.2. DEVELOPMENT OF THE ZOOPLANKTON 
General 
The water that was used to fill the bags contained a variety of zooplankton 
species, with calanoid copepods predominating. The main species was Temora 
longicornis (60-100% of the total number of copepods), followed by Acartia clausi, 
Pseudocalanuselongatus,Centropageshamatus,andEurytemorahirundoides. In 
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addition to copepods, larvae of bivalves, worms, and nauplii and cyprids of 
barnacles were also found. By the end of the experiment, the latter had grown into 
adults living at the bottoms of the bags. 
Figures 11-13 show the development of the main species during the experiment. 
T. longicornus was always the main species. During the first 10 days there was a 
decrease in numbers of small nauplii, which developed into large nauplii and 
copepodites.- After this period new nauplii developed from eggs produced in the 
Fio. 12. Developments of Acartia clausi. Numbers of nauplii (a), copepodites (b), and adults per liter 
in the different bags. 
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bags, so two generations occurred together. The same seems to have been true for 
A. clausi and P. elongatus. There was no significant difference between the 
development of T. longicornis in the control bags and that in bag HI. Addition of 5 
Mg Hg • liter-1 had, however, a marked effect. On Day 11,4 days after dosing, there 
were fewer large nauplii, copepodites, and adults in bags H5a and H5b than in the 
controls, indicating a lower development rate or a higher mortality rate or both in 
the preceding period. After Day 11, the development of small nauplii was 
comparable to that in the controls until Day 25, when a new minimum in the number 
° » ' ' * » — r » » « I 1 
FIG. 13. Development of Pseudocalanus elongatus. Numbers of nauplii (a), copepodites (b), and 
adults per liter in the different bags. 
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of small nauplii was reached. This may be an indirect effect of mercury addition, 
through mercury accumulation in the food chain. The differences in development of 
T. longicornis in H5a and H5b are interesting. Effects of mercury on the develop-
ment were most pronounced in the bag in which the phytoplankton bloom after the 
mercury addition consisted ofThalassiosira and flagellates. Summarizing, addition 
of 5 /ig Hg-liter-1 retarded the development of T. longicornis by about 1 week. 
Addition, of 5 jug- liter-1 showed no clear-cut effect on the development of A. 
clausi, probably owing to the large scatter in measured numbers. Figure 13 shows 
that addition of 5 /u,g Hg-liter-1 decreased the numbers of Pseudocalanus adults. 
Addition of a single dose of 50 /xg Hg • liter-1 killed most of the copepods almost at 
once; however, some survived, for their numbers rose again at the end of the 
experiment. 
Sex Ratios 
The sex ratios of T. longicornis, A. clausi, and P. elongatus, summed throughout 
their development, are shown in Table 3. Addition of 5 and 50 /ttg Hg- liter-1 clearly 
influenced the sex ratio in these species. 
Development and Mortality Rates and Secondary Production 
Relative rates of development, mortality, and reproduction were estimated by 
multiple regression analysis using the model of Fransz (1975). Results for T. 
longicornis are given in Table 4. It is not clear whether the observed retardation 
effects after addition of mercury are due to an increased mortality rate or a 
decreased development rate. Secondary production was estimated using the 
development rates from Table 4 and dry weight-length relationships given by 
Robertson (1968) and Nassogne (1972). Figure 14 shows the production of T. 
longicornis, which is responsible for most of the secondary production during the 
experiment. 
3.3. DEVELOPMENT OF DECOMPOSERS 
Figure 15 shows the bacterial concentration in the water in the different bags. 
These numbers are similar to those found in Dutch coastal waters. The numbers of 
TABLE 3 
SEX RATIOS OF Temora longicornis, Acartia clausi, AND Pseudocalanus 
elongatus EXPOSED TO MERCURY, SUMMED THROUGHOUT 
THEIR DEVELOPMENT 
Initial mercury 
( M g H g - l - ' ) 
0 
0 
0.5 
5 
5 
50 
T. longicorr 
0.41 
0.51 
0.56 
0.75 
0.68 
0.72 
Sex ratio [ 9 / ( 9 + 
is A. clausi 
0.98 
0.88 
0.93 
0.47 
0.50 
0.50 
<?)] 
P. elongatus 
0.38 
0.66 
0.18 
0.99 
0.80 
— 
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TABLE 4 
RELATIVE MORTALITY AND DEVELOPMENT RATÉS OF Temora longicornis 
(MARCH-MAY 1976) 
Bag 
(MgHg'l-) 
Control 
5 
0.5 
5 
Control 
50 
Control 
5 
0.5 
5 
Control 
50 
" i 
0.11(0.09) 
0.12(0.08) 
0.15(0.16) 
0.20(0.16) 
0.18(0.18) 
0.41(0.13) 
n, 
-0.09 (0.23) 
-0.01 (0.19) 
-0.06 (0.39) 
-0.21 (0.34) 
-0.05 (0.39) 
-0.34 (0.15) 
Relative development rate 
n2 
0.11(0.09) 
0.13 (0.09) 
0.02 (0.01) 
0.01 (0.04) 
0.10(0.06) 
0.37 (0.48) 
n2 
-0.01 (0.14) 
0.01 (0.16) 
0.10(0.16) 
0.21(0.19) 
0.07 (0.20) 
0.46 (0.57) 
c, c2 
0.02 (0.04) 0.09 (0.06) 
0.02(0.05) 0.17(0.16) 
0.04 (0.03) 0.05 (0.08) 
0.09(0.11) 0.17(0.21) 
0.02 (0.01) 0.03 (0.04) 
0.07 (0.22) 0.05 (0.08) 
Relative mortality rate 
c, 
0.04(0.11) 
0.17(0.19) 
-0.08 (0.05) 
-0.17(0.12) 
0.04 (0.08) 
1.18(1.74) 
c2 
-0.21 (0.13) 
-0.13 (0.35) 
0.05 (0.19) 
0.08 (0.46) 
0.02(0.11) 
0.20 (0.95) 
aï 
0.07(0.13) 
0.17(0.25) 
0.03 (0.09) 
0.10(0.25) 
0.02 (0.07) 
0.12(0.30) 
ao" 
0.14(0.26) 
0.06(0.16) 
0.01 (0.13) 
0.08 (0.22) 
0.03(0.12) 
0.17(0.42) 
Note. The SD is given in parentheses, n, = small nauplii, n* 
c2 = large copepodites, a = adults. 
large nauplii, c, = small copepodites, 
bacteria in bags HSa, HSb, and H50 on Day 10 (just after addition of the mercury) 
are significantly higher than those in the controls and bag HI (the SD of the 
measurements is estimated to be 100%). The number of aerobic bacteria in the 
sediment traps was measured on 5 days during the experiment. Numbers ranged 
from 0.5 x 10e to 109 bacteria per trap. No significant differences were found 
between the bags. 
- Secondary production. 
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FIG. 14. Production of Temora longicornis in the different bags. 
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FIG. IS. Development of the relative number of bacteria in the water in different bags. 
3.4. FATE OF THE ADDED MERCURY 
The concentration of the added mercury in the water in the different bags as a 
function of time is shown in Fig. 2. Analysis of variance reveals that there is no 
significant difference between concentrations at depths of 0.5 and 2.0 m. The 
average SD of the measurements is estimated to be 18%, which is probably too high 
for the higher concentrations. 
Until about Day 30, the decrease in the concentrations in HI and H5a/H5b obeys 
the equation C, = C0e"028('_7>, where C, = concentration on day /, and C0 is the 
concentration in the water on Day 7. C0 being 0.43 and 5.2 ju.g Hg-liter-1, 
respectively, the concentration decreases by 32% a day. The concentration of 
mercury in bag H50 decreases more slowly and less evenly. Toward the end of the 
experiment, the concentrations in bags HI and H5a/H5b increase again to 0.3 and 
0.7 //.g-liter-1, respectively. 
Figure 16 shows (on a dry weight basis) the mercury concentration throughout 
the experiment in the sediment, in the sediment traps, and in the bottom sediment at 
the end of the experiment. Concentrations strongly increase after addition of 
mercury to the water, and reach a maximum in the middle of the experiment. Table 
5 lists the methylmercury concentrations in the sediment at the end of the 
1000 
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FIG. 16. Mercury concentrations in the sediment in the different bags during the experiment. 
A3-18 
124 JAN KUIPER 
T A B L E 5 
M E T H Y L M E R C U R Y (MeHg) IN THE S E D I M E N T AT THE E N D OF 
THE EXPERIMENT 
Bag 
(MgHg-1-') 
Control 
Control 
0.5 
5 
5 
50 
Total MeHg 
in sediment 
(Mg) 
0.06 
0.27 
0.63 
5.04 
0.54 
0.23 
Concentration of 
MeHg on a dry 
weight basis 
Oxg-kg-') 
19.2 
37.9 
83.4 
478.6 
121.8 
58.5 
Total Hg 
added to bags 
(mg) 
0 
0 
0.7 
7 
7 
70 
experiment. During the experiment no methylmercury could be detected in the 
sediment traps, indicating a lag phase of about a month before methylation starts. 
This was also found by De Koek et al. (MT-TNO, unpublished results) working in 
the Dutch Wadden Sea. 
3.5. ALGAL GROWTH ON THE WALLS 
Results of the investigations into the algal fouling of the walls of the bags are 
described in detail by Grolle and Kuiper (1980). Figure 17 shows the amount of 
chlorophyll at a depth of 0.4 m in the different bags. Fouling of the walls of the 
bags by algae is unimportant during the first weeks of the experiment. At the end, 
algal biomass on the walls cannot be neglected (e.g., as a sink for nutrients). 
Addition of 50/xg Hg-liter-1 strongly inhibited development of the attached algae. 
Addition of 5 pg Hg- liter"1 inhibited the growth rate of the periphyton only at the 
beginning of the experiment (Days 10 and 13). 
March -May 1976 
% control 
30 60 
lime fdoyst 
FIG. 17. Chlorophyll on glass slides at a depth of 0.4 m as a function of time in different bags. 
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The species composition of the periphyton was also affected. Addition of 0.5 /xg 
Hg • liter-1 did not influence development of the biomass of the attached algae, but it 
did alter species composition. Melosira nummuloides is absent from all mercury 
bags, while it is present in all samples from the controls after Day 20 at densities of 
0.03-1.0/mm2. 
4. DISCUSSION 
The results are compared with those of two similar experiments with much larger 
bags: Davies and Gamble (1979) using bags containing 95 m3 of seawater and, a 
Controlled Ecosystem Pollution Experiment (CEPEX) which was performed in 
1300-m3 enclosures (results published by various authors in Mar. Sei. Commun. 
3, (1977)). 
4. 1. DEVELOPMENT IN DUPLICATE BAGS 
Development of the plankton communities in the controls proceeds according to 
very similar patterns. Although there are differences in species composition of the 
phytoplankton and in the response of the zooplankton to a concentration of 5 /ng 
Hg-liter-1, the development of the plankton in H5a and H5b also obeys a similar 
pattern. This confirms earlier results (Kuiper, 1977a,b) and allows the differences 
between the bags to be attributed to addition of mercuric chloride. 
4.2. EFFECTS OF MERCURY ON THE PHYTOPLANKTON 
Addition of 50 pg Hg-liter-1 resulted in complete inhibition of phytoplankton 
activity. This inhibition caused a decrease of phytoplankton biomass, due to the 
cells settling to the bottom of the bags. Growth resumed about 20 days after addition 
of the mercuric chloride, although mercury concentrations were still as high as 18 
/Ltg Hg-liter-1. This recovery may have been due to development of mercury-
resistant species, or to inactivation of the mercury by chelation or adsorption to 
inanimate particles. Thomas et al. (1977) obtained similar results and found indica-
tions for both hypotheses. 
Addition of 5 /ng Hg-liter-1 also reduced the phytoplankton growth rate. The 
phytoplankton biomass decreased initially, but began to increase again as soon as 
the mercury concentration had fallen to about 1.5 /u,g Hg-liter-1, which is 
comparable to results of an earlier experiment (Kuiper, 1977b). Interestingly, 
addition of 5 /u.g Hg-liter-1 delayed the appearance of the phytoplankton peak by 
about 9 days, whereas it inhibited the relative carbon assimilation (Table 2) by only 
1 day. Thomas et al. (1977) likewise observed that the ability of phytoplankton to 
photosynthesize was affected less than its ability to increase its biomass. Two 
explanations, not mutually exclusive, are possible: (1) mercury does not inhibit the 
uptake of carbon dioxide, but does inhibit cell division; (2) carbon assimilation rates 
(measured from 9 AM to 3 PM in bottles) in the controls and bags H5a and H5b cannot 
be compared because of differences in species composition. 
Testing the first hypothesis in the laboratory showed that cell division is more 
sensitive to mercuric chloride than is carbon assimilation (Hanstveit and Oldersma, 
unpublished results). Other investigators also showed that cell division is the most 
sensitive parameter for measuring effects of mercury on phytoplankton (Berland 
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FIG. 18. Inhibition ofChlamydomonas sp. in relation to the quantity of mercury absorbed by the algae. 
et al., 1977; Bryan, 1976). Davies (1974) and Premazzi et al. (1978) found that the 
cell size of unialgal cultures increased under mercury stress as a result of the fact 
that cell division is more inhibited than carbon assimilation. 
Addition of 5 and 50/ig Hg-liter-1 altered the species composition of the growth 
peak following the addition, higher mercury concentrations favoring selection of 
larger species. Since mercury affects the phytoplankton by being adsorbed on the 
cell walls, the smaller surface to volume ratio of larger cells may explain why larger 
cells are more resistant to higher mercury concentrations. If this is true it should 
also be true that the toxicity of mercury to algae, apart from depending on the 
mercury concentration, is related to the total surface area available for mercury 
adsorption. Figure 18 shows the results of experiments with unialgal cultures of 
Chlamydomonas sp. on the toxicity of HgCl2 in concentrations of 50 and 100 jug 
Hg-liter-1, the initial cell concentration being varied (Meijer and Oldersma, 
unpublished results obtained at this laboratory). These results show the importance 
of particle concentrations, that is, surface area, for the toxicity of mercury. A 
dependence of the toxicity of mercury on particle concentration has also been found 
by others (Hamdy and Wheeler, 1978; Rice et al., 1973; Kamp-Nielsen, 1971; 
Harriss et al., 1970; Davies, 1978). 
The shift to larger cells in mercury-polluted communities can, however, also be 
explained in a different way. Addition of mercury also decreases the numbers of 
zooplankton organisms, and thereby the grazing pressure on the phytoplankton in 
the bags to which 5 and 50 /u.g Hg'liter-1 were added. Larger cells are probably 
preferred by large copepodites and adult copepods over small microflagellates 
(Gamble et al., 1977). The difference in zooplankton densities between bags H5a 
and H5b coincides with differences in the phytoplankton species composition. In 
the bag with less zooplankton, Th. nordenskiöldii is found; in the other bag diatoms 
could not be detected in large numbers, although silicate concentrations were 
reduced in a way similar to that in the other, indicating that diatoms were also 
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growing in this bag. Thomas et al. (1977) also found that reduced grazing led to 
growth of phytoplankton consisting of larger cells. 
•From the results it is difficult to decide whether phytoplankton species 
composition governs the zooplankton growth rate (Sonntag and Grève, 1977), or 
whether zooplankton grazing leads to a specific phytoplankton community. Results 
from bag H50 point to the zooplankton and indicate that it is not the enclosure as 
such, with its reduced turbulence, which promotes a predominance of small, motile 
cells in the controls (cf. Eppley et al., 1978). 
4.3. EFFECTS OF MERCURY ON THE ZOOPLANKTON 
Addition of 5 tig Hg-liter-1 causes a delay in the development of T. longicornis 
and P. elongatus. Similar effects were demonstrated in other experiments with 
large bags (Davies and Gamble, 1979; Beers et al., 1977; Grice and Menzel, 1978). 
In these experiments addition of 1 /xg Hg- liter-1 did not have any influence on the 
zooplankton either, although addition of 5 or 10 /xg Hg-liter-1 led to lower zoo-
plankton densities as compared with a control. 
From Table 4 it is not clear whether the different retardation effects are due to an 
increased mortality rate or to a decreased development rate. This obscurity may be 
due to the fact that in the regression analysis we used all points, and assumed 
constant mortality and development rates for the duration of the experiment. 
These rates are not, however, likely to be constant, a single dose of mercury 
probably affecting the plankton for a limited duration of time only. Therefore, we 
also computed the development and mortality rates of T. longicornis, for this 
purpose dividing the experiment into two periods (Day 0-15, and Days 17-44). 
The large standard deviations of the resultant rates did not allow any conclusions 
to be drawn. However, the numbers of nauplii and copepodites in the 5 tig 
Hg-liter-1 bags being similar (after the lag phase) to those in the controls, it would 
seem probable that the development rate is decreased. 
The estimates in Table 4 are of the same order of magnitude as those of Fransz 
(1975) found in the North Sea. This indicates that the copepods in the bags develop 
in a natural way. The effects of mercury addition on the sex ratios of the copepods 
are very pronounced. In marine copepods sex determination is mainly phenotypic 
(Takeda, 1950). Fransz (1975) suggested that the unexpected sex ratios he found in 
the North Sea were induced by what he called "environmental factors." 
4.4. EFFECTS OF MERCURY ON THE DECOMPOSERS 
On Day 10, the number of viable bacteria was higher after addition of 5 and 50 /xg 
Hg-liter-1 than in the controls. This growth was probably caused by the high 
mortality of the phytoplankton. Azam et al. (1977), also working with a natural 
marine plankton community, found a strong decrease just after addition of 5 xig 
Hg-liter-1, followed by the development of a mercury-resistant bacterial 
population, which reached higher numbers than in the control. Davies and Gamble 
(1979) found no effects of mercury on the bacteria populations they used. 
Measurements of the nitrogenous phytoplankton nutrients showed interesting 
differences between the controls and the bags to which 5 and 50 fig Hg • liter-1 were 
added. Nitrate concentrations after addition of 5 /xg Hg-liter-1 decreased further 
than in the controls, nitrite concentrations remained high in bags H5a, H5b, and 
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H50, and the increase in ammonia concentrations in bags H5a and H5b was delayed 
longer than the time lag in the growth of the phytoplankton would lead one to 
expect. Ammonia reappears in the water after degradation of organic matter by 
bacteria or zooplankton. A delay in the reappearance of ammonia indicates that the 
rate of conversion of organic matter into ammonia is reduced. Harrison et al. (1978) 
found that in short-term laboratory experiments ammonia regeneration was 
inhibited by mercury concentrations greater than 1 ju.g Hg- liter-1. 
The decreased rate of ammonia regeneration forces the phytoplankton to use 
other nitrogen compounds. This may be the cause of the further decrease of nitrate 
concentrations in the bags to which 5 .^g Hg-liter-1 was added, as compared with 
the controls. Koike et al. (1978) found that after addition of 5 /xg Hg-liter-1 to a 
natural community, selection occurred for denitrifying bacteria. This may explain 
our high nitrite concentrations after addition of 5 and 50 /ug Hg-liter-1. 
These indications for effects of addition of 5 and 50 /xg Hg • liter-1 on steps in the 
mineralization process support a hypothesis put forward as a result of an earlier 
experiment (Kuiper, 1977b). Inhibition of ammonia regeneration did not result in a 
delay of phytoplankton growth in the present work, as it probably did in the earlier 
experiment, because nitrate concentrations in the water were higher than 
previously. 
Several reviews of the toxicity of mercury to aquatic life are available (Bryan, 
1976; Taylor, 1977; Stebbing, 1976; Davies, 1978; Lelande? al., 1979). Laboratory 
experiments seldom show effects of mercury in concentrations lower than 1 /u,g 
Hg-liter-1. Moore and Stebbing (1976) found a threshold concentration of 0.17 ng 
Hg • liter-1 for biochemical effects on a marine hydroid. Sigmon et al. (1977) found a 
reduction in the diversity of the epiphyton community in an artificial stream, and 
Saward et al. (1974, cited by Davies and Gamble, 1979) found minor effects on the 
phytoplankton at concentrations of 0.1 /xg Hg-liter-1. In the last-mentioned study, 
the experimenters kept the mercury concentration at the desired level by refreshing 
the water. The organisms were exposed to new doses of "ionic or reactive" 
mercury (Davies and Gamble, 1979). Results of this and other bag experiments 
suggest that the toxicity of mercury varies with the chemical form in which it is 
present. 
4.5. PHYTOPLANKTON-ZOOPLANKTON INTERACTIONS 
As shown in Fig. 14 the production of T. longicornis is the major component of 
zooplankton biomass during the experiment. The total daily primary production 
can be estimated from the carbon assimilation measurements at twice the measured 
production at 0.5 m (unpublished results, this laboratory), or from the pH 
measurements (Kuiper, 1978). Secondary production only forms an important part 
of primary production in the second half of the experiment. From this observation it 
follows that, during the first 20 days of the experiment, grazing was probably 
unimportant (the possible influence on the phytoplankton species succession by 
selective grazing of larger particles has already been discussed). After Day 20, 
however, it became increasingly important and it seems probable that at the end of 
the experiment the phytoplankton was grazed down by the copepods. 
To estimate the influence of the zooplankton on the phytoplankton directly, we 
conducted a grazing experiment on Day 44. A sample of 3.2 liters from bag H5b was 
split into six portions of 0.5 liter. These subsamples were transferred to serum flasks 
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after three of them had been filtered through a 55-/n.m net to remove the 
zooplankton. The flasks were incubated from 11 AM to 3 PM in a cooled container on 
the raft. After the incubation, the phytoplankton was counted with a Coulter 
counter. In the flasks with zooplankton, 6813 (SD = 103) particles • ml-1 were 
counted, and in the flasks without zooplankton 8818 (SD = 207) particles ml-1. It 
follows that 23% of the particles had been filtered by the zooplankton during 4 hr, 
indicating'the great importance of grazing in this phase of the experiment. 
4.6. FATE OF THE ADDED MERCURY 
The decrease of mercury concentrations in the water and the accumulation of 
mercury in the sediment show that part of the mercury is adsorbed by particles 
which settle to the bottom of the bag (cf. Smiths a/., 1971;Takahashie/o/., 1977; 
Kuiper, 1977b). However, at the end of the experiment only 21-27% of the added 
mercury was recovered in the sediment and the water. As in the earlier experiment 
(Kuiper 1977b), a large part of the added mercury disappeared or was present in a 
compartment which was not measured. 
Takahashi et al. (1977) found that nearly all the mercury lost from the water in 
their enclosures had passed into the sediment. Davies and Gamble (1979) found 
25-30% of the added mercury in the sediment at the end of the experiment; the 
remainder was mostly found on the walls, and small losses to the atmosphere and 
through the walls of the bags were reported. We did not measure the mercury that 
was strongly bound to suspended particles. Estimating the concentration of these 
particles to be 1 mg-liter-1 (—0.5 mm3-liter-1, which remained suspended in bag 
H50) and the mercury concentrations at 20,200, and 1000 mg-kg-1 (Fig. 16), 0.035, 
0.35, and 1.5 mg mercury (5,5, and 2% of the amount added) can be accounted for at 
the end of the experiment. This indicates that at the end of the experiment 
suspended particles are probably not important as a sink for the added mercury. 
Another possibility is that part of the mercury in the water was bound to chelates 
(Bryan, 1976; Kayser, 1976; So, 1979), making it inaccessible to the analytical 
method used. This might also explain the reappearance of mercury in the water in 
the bags to which 0.5 and 5 /ig Hg-liter-1 were added. Kuiper (1977b) obtained 
indications that adsorption of mercury on the walls of the bag was unimportant. 
To remove the uncertainty about the fate of mercury in this semifield experiment, 
a small-scale bag experiment was performed in the laboratory. A bag containing 100 
liters of seawater was suspended in a large container containing another 200 liters 
water. The container was closed with an airtight lid. Mercuric chloride (1 mg) was 
added to the bag to give an initial concentration of 10 /ig Hg • liter-1 and the amounts 
of mercury in the water, the suspended particles and the sediment, on the walls and 
the nylon ropes, and (nonquantitatively) in the air in the container were monitored 
for 4 weeks. At the end of this experiment approximately 10% was adsorbed by the 
wall of the bag, 10% had accumulated in the sediment, and 25% was still present in 
the water and suspended particles. The very high concentrations of mercury in the 
air in the container suggested that the remainder had disappeared to the 
atmosphere. No mercury could be detected in the water surrounding the bag. 
Of the 75% of added mercury which we could not account for in the field 
experiment, probably less than 10% had been absorbed to the walls of the bags. The 
remainder probably had been lost to the atmosphere. This loss of mercury is 
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probably not due to methylation and subsequent volatilization, because 
methylmercury was only found in very low concentrations at the end of the 
experiment. More probable is the transformation of the added mercury into the 
volatile metallic mercury; bacteria are able to carry out this conversion (Kushner, 
1974;Schottele/a/., 1974; Nelson and Colwell, 1975; Baierefa/., 1975), whereas it 
also occurs as a purely chemical process (Newton and Ellis, 1974; Ketchum et al., 
1975; Glickstein 1979; Baier et al., 1975). In seawater containing low 
concentrations of mercury this conversion can be explained thermodynamically 
(Baier, et al., 1975). 
Davies and Gamble (1979) and Takahashi et al. (1977) found no or very small 
losses to the atmosphere. This is probably caused by the much smaller water-air 
area in relation to the enclosed volume and the reduced mixing in very large bags as 
compared with the enclosures used in this study. It is not clear how much of the 
mercury would disappear under natural conditions, since these conditions will vary 
in space and time. Brosset and Svedung (1977) showed that the North Sea (rather 
than industrial air pollution) was the primary source of atmospheric mercury in 
Sweden, and Wedepohl (1970) also reported that the sea is a source of mercury in 
the atmosphere. 
5. CONCLUSIONS 
1. The development of the plankton communities in duplicate bags showed very 
similar patterns in time. This means that larger differences between the bags can be 
attributed to the addition of mercuric chloride. 
2. The addition of a single dose of 0.5, 5, and 50 /xg Hgliter-1 as mercuric 
chloride to North Sea coastal plankton communities enclosed in plastic bags 
resulted in: 
a. a decrease of mercury concentrations in the water phase after addition of 0.5 
and 5 /xg Hg - liter"1 at a rate of one third per day (after addition of 50 /xg Hg • liter-1 
this decrease was slower); 
b. a complete inactivation of phytoplankton activity after addition of 50 /xg 
Hg-liter-1, and inhibition of phytoplankton growth rates after addition of 5 jxg 
Hg-liter-1 as long as concentrations in the water were 1.5 /xg Hg-liter-1 or higher 
(no significant influence on growth rates of the phytoplankton was found after 
addition of 0.5 /xg Hg-liter-1); 
c. a delay of 9 days in the occurrence of the phytoplankton maximum after the 
addition of 5 /xg Hg • liter-1, and a delay of 29 days after addition of 50 /xg Hg • liter-1 
(the possible causes of this delay are discussed); 
d. indications that cell division is inhibited at lower mercury concentrations 
compared to cell growth (measured as C02 uptake); 
e. a change of the community structure of the phytoplankton bloom after 
addition of 5 and 50 /xg Hg-liter-1, higher mercury concentrations favoring larger 
species, probably as a result of reduced grazing pressure; 
f. an immediate mortality of most copepods after addition of 50 /xg Hg - liter-1 
addition of 5 /xg Hg-liter-1 clearly affects the development of T. longicornis, the 
main zooplankton species in the bags, and of P. elongatus; addition of 5 and 50 /xg 
Hg-liter-1 changed the sex ratios of T. longicornis, A. clausi, and P. elongatus; 
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g. a change in the growth patterns of decomposers in the water after addition of 
5 and 50 /ig Hg • liter" ', indications were obtained that the conversion rate of organic 
matter into ammonia is inhibited by addition of 5 /ug Hg-liter"1; 
h. methylation of the added mercury in the sediment of the bags, after a lag 
phase of about a month; about 75% of the added mercury was lost 40 days after 
addition, probably for the most part by volatilization and subsequent loss to the 
atmosphere; 
i. a different growth pattern of the periphyton after addition of 5 and 50 /ig 
Hg-liter"1; the species composition of the periphyton is influenced in all 
mercury-polluted bags. 
3. The toxicity of mercury to the phytoplankton depends on the mercury 
concentration, on the total surface area available for adsorption of mercury, and 
therefore on the ratio between living and nonliving particles in a particular system, 
and probably also on the metal species in which mercury is present. 
4. The similarity between the results of this experiment and the results obtained 
in experiments using much larger bags (95 and 1300 m3) is remarkable. 
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ABSTRACT 
During POSER two experiments were performed to study the effects of a single 
addition of mercury(II)chloride on the development of plankton communities 
enclosed in large plastic bags, containing 1.5-30 m3 water and ranging from 
3 to 40 m in depth. The experiments lasted 1 and 3 weeks, respectively. 
In one of these experiments the influence of an additional dose of nutrients 
was studied. 
During both experiments mercury concentrations in the water decreased after 
the addition. Part of the mercury was found in the sediment that collected 
on the bottom of the bags during the experiment, but most of the mercury 
probably volatilized and was lost to the atmosphere. 
_l 
Addition of 1 or 5 ug Hg.l in the first experiment resulted in lower num-
bers of bacteria as compared with the numbers in the controls. The first 
experiment was too short to show effects on the phytoplankton and the zoo-
plankton. 
_l 
Addition of 5 ug Hg.l in the second experiment inhibited the bacteria and 
the phytoplankton, and increased the mortality rate of the copepods, which 
formed the principal part of the zooplankton. 
The results of mercury addition to these marine plankton ecosystems were 
comparable with results obtained during other experiments with natural marine 
plankton communities also enclosed in large plastic bags in fairly different 
sea areas. 
Addition of nutrients stimulated phytoplankton growth, but had neither 
effects on the bacteria nor on the zooplankton. 
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1. INTRODUCTION 
' The extrapolation of the results of laboratory toxicity tests to marine eco-
I 
I systems is difficult if not impossible. The reasons were discussed extensive-
) ly in the literature (Gray 1974, Menzel and Case 1977, Perkins 1979). Experi-
ments with complex systems, which more closely approximate field conditions, 
are necessary to bridge the apparent gap between the laboratory and the 
natural world. 
Many investigators used large, flexible plastic enclosures to study the fate 
and effects of pollutants on aquatic ecosystems (Schelske and Stoermer 1972, 
Menzel and Case 1977, Zeitzschel 1978, Davies and Gamble 1979). When we use 
this approach to pollution and dumping problems, corresponding laboratory 
tests can be validated (Hueck et al. 1978); and ecotoxicologists may be able 
,_ to better predict the influence of pollutants in the field. In this way 
; authorities can be helped in setting standards to minimize damage to the eco-
system in question (Hueck and Hueck-Van der Plas 1976; Hueck-Van der Plas and 
; Hueck 1979). 
, Since 1974 experiments have been performed to study fate and effects of pol-
i 
] lutants on enclosed plankton communities in Dutch coastal waters. The inves-
i tigations resulted in a method enabling one to experiment with natural plank-
i ton systems with several trophic levels and with a large number of species 
within one experimental unit under semi-natural conditions. No-effect levels 
found with this method are among the lowest ones reported in literature 
(Kuiper 1980, 1981a,b). 
! Dutch coastal waters, however, are sediment-loaden and polluted. Ten to fif-
j teen per cent of the water used in these bag experiments was freshwatar, 
one third of which came directly from the Rhine after a residence time of 
approximately one month in the North Sea, the remaining two thirds coming in-
directly from the Rhine via Lake IJssel (Zimmerman and Rommets 1974). The bio-
coenoses in the bags might have reacted differently to environmental stress 
] 
1 than those living in the open sea (cf. Fisher et al. 1973, Fisher 1977), 
because they had adapted themselves to pollution (Stokes et al. 1973, Jensen 
et al. 1974, Stockner and Antia 1976, Moraitou-Apostolopoulou and 
Verriopoulos 1979) or because of other processes specific for this particular 
sea area. Results obtained would be of limited significance, if they could 
be applied only to a very limited area of coastal waters near the Dutch coast. 
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One of the aims of POSER (Plankton Observations in Simultaneous Enclosures 
in Rosfjorden) was to investigate if ecotoxicological results obtained in 
the Rosfjord can be compared with results obtained in Dutch coastal waters. 
The Rosfjord was chosen because of its low freshwater input and because the 
waters were relatively unpolluted (Brockmann et al. 1981a). 
During POSER two experiments were performed with mercury as a model pollutant. 
Mercury was chosen since the results of many experiments with mercury and 
enclosed marine plankton communities were available for comparison (Grice and 
Menzel 1978, Davies and Gamble 1979, Kuiper 1977, 1980, 1981b, Topping et al. 
1981). 
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2. MATERIALS AND METHODS 
2.1 SET-UP AND COURSE OF THE EXPERIMENTS 
On March 6, 1979, the first experiment (POSER 1) was started. Six small bags 
(length 3 m, contents 1.5 m ) were filled simultaneously while we used a 
Vanton Flex-i-liner pump (Kuiper 1981b). The inflow hose of the pump was 
moved from a depth of 20 m to 0.5 m during pumping. Four large bags (depth 
40 m, contents 30 m3) were filled while we used the method of Brockmann et 
al. (1981b). 
On March 8, single doses of mercury(II)chloride were added to the bags. Two 
small bags received a dose of 1 ug Hg.l ; two small and two large bags: 
5 ug Hg.l ; the remaining bags served as controls (Table 1). To add the 
mercury a stock solution of mercury(II)chloride was rapidly mixed with 100 1 
of sea-water taken from the bag. This mixture was at once pumped back via a 
sprinkler, which was lowered in the bag during pumping to ensure thorough 
mixing with the contents of the bag. 
The development of the phytoplankton, zooplankton and the bacteria and a set 
of physico-chemical parameters influencing the development of the biota 
(nutrients, pH, temperature) were monitored both in the bags and in the 
fjord. 
Table 1 Set-up of mercury experiments during POSER. 
Experiment number 
and starting date 
1 6-3-1979 
2 16-3-1979 
Number 
small 
2 
2 
2 
2 
1 
2 
2 
of bags 
large 
2 
2 
1 
1 
-
~* 
Initial mercury 
concentration 
Ug Hg.l"1 
1 
5 
5 
-
5 
Nutri .ents added 
no 
no 
no 
no 
no 
yes 
yes 
A4-5 
All samples, except those of zooplankton, were taken daily, as a rule at 
9 a.m., with a non-metallic sampler (Meyer bottle principle). The small bags 
were sampled at depths of 0.5 and 2.0 m, the large bags and the fjord at 
depths of 1, 3, 10, 20 and 35 m. Zooplankton samples were taken twice a week. 
In the small bags almost a whole water column (0-2.5 m) was sampled by means 
of a pipe (length 3 m, diameter 4.5 cm) tipped with.a ball valve. Each sam-
ple (20 1) consisted of five random lowerings of the pipe. The contents of 
the pipe were filtered through a 55 urn net and the material retained was 
immediately fixed and preserved in a 4% formaldehyde solution in filtered 
sea-water. Zooplankton samples in the large bags were taken with a 55 urn net 
with a conical opening, having a diameter of 80 mm. Each sample (176 1) con-
sisted of a vertical haul from a depth of 35 m to the surface. 
During the first week of the experiment weather conditions were very bad and 
on March 12 there were strong currents in Bóvéy Bight. These currents caused 
a total exchange of water masses in the B^r^y Bight (Brockmann et al. 
1981c). As a result a second aim, a direct comparison of the development of 
the plankton in the bags with that in the surrounding water, was difficult 
and the first experiment was stopped. 
A second experiment (POSER2) started on March 16 (day 0) by filling seven 
small and two large bags (length 20 m, contents 15 m 3 ) . It appeared that, 
within the new water body now present in the Rosfjord, the phytoplankton 
spring bloom had already occurred as the nutrient concentrations in the water 
were very low. Since low mineralization rates would occur due to the low 
water temperatures (-1 to +1 C), we did not expect large phytoplankton growth 
in the bags. Therefore, four of the seven small bags were spiked with nutri-
ents. 
The amounts of nutrients added are considered to be comparable to those 
present before the spring bloom (cf. Lännergren and Skjoldal 1975). On day 2 
-1 
of the experiment we added single doses of 8 ugat KNO3.I , 1.5 ugat 
KH2PO4.I and 5 ygat Na2SiFg.l to some bags (see Table 1). 
Apart from the nutrients single doses of mercury(II)chloride were also added 
to some of the bags on the same day. A summary of the experimental design is 
shown in Table 1. 
The same parameters were measured as in POSER 1. At the end of the experiment 
(day 20) the sediment that had settled in the small bags was collected for 
total mercury analysis. 
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2.2 ANALYTICAL METHODS 
Chlorophyll concentration was measured according to Strickland and Parsons 
(1968). Before 1-litre samples were filtered through Whatman GF/C filters, 
1 ml of a 1% magnesium carbonate suspension was poured on the filter. The 
filters were transferred to 10 ml of 90% acetone and the cells were extrac-
ted after destruction in a Braun MSK cell homogenizer. After centrifugation 
pigment concentrations were measured with a VitatronMPS photometer system. 
Concentrations of chlorophyll and phaeopigments were calculated according to 
equations given by Lorenzen (1967). 
Phytoplankton samples from different depths of each bag were preserved with 
Lugols iodine for microscopical inspection with a Zeiss invertoscope. 
Selected samples were inspected and the main species were identified by means 
of the nomenclature given by Drebes (1974) and Imgram Hendey (1964). 
The concentration and size distribution of suspended particulate matter in 
unpreserved samples were measured with a Coulter Counter model T A H with a 
population accessory, while we used a 100 urn or a 280 um tube or both 
(Sheldon and Parsons 1967). 
Primary production was measured only in the small bags by Steemann Nielsen's 
(1952) llvC method; 2 ml of a Nall+C03 solution was added to 100 ml samples in 
125 ml light and dark bottles. Ampoules containing an activity of 2.70 
uCi.ml were supplied by the International Agency of lf*C determination 
(H^rsholm, Denmark). The bottles were incubated in situ, two light bottles at 
a depth of 0.5 m, one light and one dark bottle at a depth of 2.0 m. After 
4 hours of incubation (10 a.m. - 2 p.m.) the bottles were transported to the 
laboratory in a dark box, and their contents were filtered through 0.45 urn 
membrane filters. Filters were counted with a Packard Tricarb liquid scintil-
lation counter. The inorganic carbon content of the water was determined by 
titration according to Strickland and Parsons (1968). 
With a Technicon auto-analyzer the concentrations of orthophosphate, nitrate, 
nitrite and reactive silicate were measured by the Strickland and Parsons' 
(1968) and Technicon procedures. 
The zooplankton was counted, identified and measured by procedures described 
by Fransz (1975). 
The development of the bacteria in the water was monitored by the Daley and 
Hobbie (1975) epifluorescence method. 
A4-7 
The mercury concentration in the water was measured by atomic absorption 
spectrometry with an IRDAB HGM 2300 spectrometer according to Spijk (1975). 
Mercury concentrations in the sediment were measured according to Tjoe et 
al. (1973). 
The mean concentration in the upper 20 or 40 m of the water column was cal-
culated following a trapezial integration scheme. 
Most computations and statistical analyses were performed on the CDC 6400 
computer of IWIS-TNO, The Hague. For all cases where no confidence level is 
given p < 0.05 was tested. 
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3. RESULTS 
3.1 TECHNICAL DIFFICULTIES 
The strong winds and the very low temperatures, with floating freshwater ice-
fields, highly affected the materials. The two layers of the bag foils had 
loosened from each other after one or two weeks, which reduced the mechanical 
strength of the laminate. Consequently, two large bags in POSER2 showed leak-
ages (the control after day 10, the other after day 11) and one small bag 
(mercury treated bag 6 - after day 10). 
During the experiments in the fjord (Brockmann et al. 1981c), strong water 
exchanges occurred, which made a comparison between the development of the 
plankton inside and that of the plankton outside the bags only useful during 
the first phase of the experiments. The water exchanges in the Rosfjord led 
to strong variations in the salinity (30-34%). These salinity changes caused 
difficulties for the large bags. Whenever the salinity in the fjord was much 
higher than that in the bags, part of the bags tended to float on the fjord. 
On one occasion the points of the 20 m bags were only a few meters under the 
water surface. By increasing the weight under the bags, we caused the bottom 
of the bags to sink again, but in this case the heavier water outside pressed 
the bags together at depths varying from 2 to 10 m. For this reason sampling 
of the large bags after day 12 during P0SER2was impossible (cf. Case 1978). 
The sampling of the small bags was not disturbed by the salinity variations. 
3.2 MERCURY CONCENTRATIONS IN WATER AND SEDIMENT 
The average mercury concentrations in the water during both experiments are 
shown in Figure 1. No large differences were found between different depths, 
indicating that the mercury was well mixed after the addition. Only in the 
large bag during POSER 2 the mercury distribution with depth was not homo-
geneous. On day 3 only 1.6 ug Hg.l was found at a depth of 20 m, in the 
upper layers (0-10 m) an average of 5.9 ug Hg.l was measured. 
Mercury concentrations in the water decreased in all bags. Owing to bad 
weather conditions during POSER 1 sampling was not possible on all days, but 
in the small bags concentrations seemed to decrease with more than 10% per 
day. During the second experiment concentrations in the large bag decreased 
with 4% per day. In the small bag, to which no nutrients had been added, 
concentrations decreased by 5% per day after day 4. From day 3 to day 4 a 
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Fig. 1 Mercury concentrations in the water of the bags during POSER 1 (initial 
concentrations 1 and 5 yg Hg.l-1) and POSER 2 (initial concentrations 
5 pg Hg.l-1)'. In the small bags the average of 0.5 and 2.0 m depth is 
presented. In the large bags the average of all samples is given. 
SB = small bag, LB = large bag, SBN = small bag with nutrients added. 
Table 2 Mercury concentrations on a wet-weight basis in the sediment in the 
small 
Bag 
1 control 
2 control 
3 5Ug Hg.l" 
4 control + 
nutrients 
5 control + 
nutrients 
6 Hg + nutri-
ents 
7 Hg + nutri-
ents 
bags, collected at the end 
Mercury 
concentration 
yg.kg" 
319 
274 
1.280 
160 
7 
16.100 
18.600 
Amount of 
sediment 
g 
4.6 
5.5 
5.5 
15.4 
28.7 
7.6 
16.5 
of POSER 2 
Amount of mercury 
per bag ug 
(A) 
1.5 
1.5 
7.1 
2.5 
0.2 
122.7 
307.5 
A as % of the 
mercury added 
-
-
0.1 
-
-
2.2 
5.6 
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very rapid decrease was found. 
In the small bags, to which nutrients had been added, the average decrease 
in mercury concentrations during the first weeks of the experiments was 11% 
per day. At the end of POSER2 the sediment in the small bags was collected. 
Collection of sediment in the large bags failed. Table 2 shows the amount of 
sediment collected and the mercury concentrations found in these sediments. 
Mercury accumulated in the sediment, but only a maximum of 5% of the added 
mercury could be recovered here. 
3.3 PHYTOPLANKTON 
At the start of POSER 1 the phytoplankton community consisted of diatoms 
(main species Skeletonema costatum, Thallassiosira nordenskiöldii and 
Chaetoceros spp.) . Figure 2 shows the chlorophyll concentrations in the bags 
and those in the fjord during the first experiment. In all bags chlorophyll 
concentrations decreased like they did in the fjord. Since addition of mercury 
did not influence the development in the small bags, the average concentra-
tion for all bags is presented. Constant pH and constant silicate concentra-
tions as well as the increasing importance of carotenoid pigments relative 
to chlorophyll indicate that the phytoplankton was not active during this 
period. 
Chlorophyll 
mg.m'3 
• 
, 
0 . 
-
1 1 
POSER 1 
• SS 
A A LC 
+ * LM 
o fjord 
t 1 
\ / \ / 
^<vkl / 
Start POSER 1 
1 1 L 
0 
Fig. 2 Development of chlorophyll concentrations in the bags and the fjord 
during POSER 1. Vertical bars indicate ± one standard deviation. 
SB - small bag, LC = large control bag, LM = large mercury-polluted 
bag. 
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At the start of the second experiment (POSER2) the water had a relatively 
low salinity (29-30%) and a low temperature (0-2°C) (Brockmann et al. 1981c). 
After filling, the vertical distribution of the phytoplankton was homogeneous. 
Thallassiosira nordenskiöldii was the main species, other diatoms found 
included Thallassionema nitzschioides, Chaetoceros debilis, Chaetoceros 
borealis, Nitzschia seriata, Coscinodiscus sp.. Apart from diatoms a few 
large flagellates were found (Peridinium sp. and Euglena sp.). 
Figure 3 shows the very similar chlorophyll concentrations in the small bags, 
_l 
not spiked with nutrients but one polluted with 5 ug Hg.l . Concentrations 
of suspended particulate matter as measured with the Coulter Counter (size 
range 4-128 um diameter) showed a similar pattern. After day 6, chlorophyll 
concentrations increased owing to growth of diatoms, mainly Thallassiosira 
nordenskiöldii, and, to a lesser extent, Chaetoceros debilis and Chaetoceros 
borealis. In the large bags the development of average chlorophyll concen-
trations was very similar to that in these small bags (Kuiper et al. 1981). 
Figure 4 shows the average chlorophyll concentrations in the bags that were 
spiked with nutrients. The addition of nutrients generated a bloom of dia-
toms. In these bags Thallassiosira nordenskiöldii again was the main species and 
growth of Chaetoceros debilis and Chaetoceros borealis was also found. The 
maxima in the controls are approximately seven times the maxima in the bags 
without nutrient addition. 
The addition of mercury inhibited, for nutrient-enriched bags,-the growth of 
the phytoplankton, which resulted in a delay of the maximum of four days as 
compared with the controls. The same species as in the controls generated 
this bloom. Concentrations of particulate matter in the nutrient-enriched 
bags showed the same pattern with time as the chlorophyll. 
In Figure 5 the carbon assimilation at a depth of 0.5 m in the nutrient-
spiked enclosures is shown. Again the inhibition of the phytoplankton after 
the addition of mercury is very clear. Because the carbon assimilation rate 
was partly determined by the biomass of the phytoplankton, the carbon assi-
milation per mg chlorophyll was computed. Figure 6 shows this relative 
carbon assimilation in the mercury-treated bags as relative to that in the 
controls. Since primary productivity at 0.5 m did not differ from that at 
2.0 m, the average relative carbon assimilation was plotted. In the bag 
that was not spiked with nutrients the relative carbon assimilation was in-
hibited during the whole experiment. In the bags to which nutrients had been 
A4-12 
POSER 2 
15 20 
* » lime Idaysl 
Fig. 3 Chlorophyll concentrations during POSER 2 in the small bags which were 
not spiked with nutrients. 
chlorophyll 
; . mg.m'' 
(5 20 
lime Idaysl 
Fig. 4 Chlorophyll concentrations during POSER 2 in the small, nutrient-
spiked bags. 
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Fig. 5 Carbon assimilation in 
the small bags with 
nutrient addition at a 
depth of 0.5 m 
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carbon assimilation 
POSER 2 
o with nutrients 
• without nutrients 
I addition time Idaysl 
Fig. 6 The relative carbon 
assimilation (average 
0.5 and 2.0 m depth) in 
mercury-treated bags as 
a percentage of that in 
the controls. Vertical 
bars indicate ± 1 s.d.. 
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added, the relative carbon assimilation was lower than in the controls till 
day 8. From day 10 to day 15 the relative carbon assimilation was higher in 
the mercury-treated bags than in the controls. Nutrient depletion in the 
controls probably caused this difference. 
Figure 7a-d shows the concentrations of silicate, phosphate, nitrate and 
nitrite during the second experiment in the nutrient-enriched bags. Directly 
after the addition of nutrients phosphate, silicate and nitrate were consumed 
in the controls by the diatom bloom until one of these nutrients, probably 
silicate or nitrate or both, reached growth rate limiting concentration. The 
addition of mercury delayed the consumption of nutrients, as could be ex-
pected from the development of phytoplankton biomass and productivity. 
POSER 2 
Fig. 7a 
;s 20 
time (days) 
nitrate /jmol.l Fig . 7b 
IS 20 
time {days! 
2.5 
2.0 
15 
W 
0.5 
phosphate /jmoi. 
• i 
s 
• H 
i 
i 
r' 
Fig . 7c 
15 20 
-*• time (days) 
0.3 
02 
nitrite jumot.l 
Fig. 7d 
* i 
15 20 
*• time (days) 
Fig. 7 Development of the concentrations of silicate, nitrate, phosphate and 
nitrite in the small bags with nutrient addition. 
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3.4 ZOOPLANKTON 
During the first experiment the zooplankton consisted mainly of calanoid 
copepods. Nauplii of Calanus finmarchicus were the most important in numbers 
(cf. Brockmann et al. 1981c for more details). Numbers were very low (1-2 
per litre). Therefore the samples from the small bags (20 1) were not repre-
sentative for-detection of significant differences between the bags. In the 
large bags larger samples were taken (176 1), and the numbers of copepods 
appeared to be lower in the mercury-treated bags than in the controls. How-
ever, the first experiment was too short to allow conclusions. 
At the start of POSER2 the species composition of the zooplankton community 
resembled that of the preceding period. Nauplii of Calanus finmarchicus were 
the most important in numbers. Apart from this copepod, Acartia clausi, 
Centropages hamatus, Pseudocalanus elongatus, Oithona similis and an uniden-
tified harpacticoid were found. 
Figure 8 shows the total number of copepods (all species) in the fjord and 
in the large bags. The changes in the fjord are related to water exchanges; 
;5 
10 
5 
Number of copepods 
, 
°~~~ ~ " \ ^ ^ 
• * • * — \ 
~~
+
 \ 
I addition 
5 
\ / 
POSER 2 
• LC 0-20m 
° LM 0-20m 
1- fjord 0-20m 
• fjord 0-35m 
/\ / 
1 1 
\ . 
s * 
10 
\ \ 
\ 
\ \ \ 
\\ 
V 
\ \ 
V 
- time (days) 
IS 
IS march 
Fig. 8 Development of the total number of copepods in the large bags and the 
fjord during POSER 2. 
LC » control bag, LM = mercury-polluted bag. 
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at the start of the experiment numbers of copepods in the bags were similar 
to those in the fjord. In both large bags numbers of copepods declined, but 
there was a great difference between the bags. On day 10 65% of the number 
found on day 1 was counted in the control, but in the mercury-polluted 
enclosure hardly 5% was found. The decline of the copepods in the control 
was mainly caused by declining numbers of Calanus finmarchicus. The other 
species seemed to thrive well. In the mercury-polluted system all species 
seemed to be influenced, although numbers of Pseudocalanus elongatus and the 
harpacticoid copepod were too low to allow conclusions. During the experimen-
tal period no growth of nauplii to larger nauplii or copepodites was observed. 
In all small bags, numbers of all species of copepods decreased sharply 
(Kuiper et al. 1981), but in mercury-treated bags this decrease was faster 
than in the controls. Figure 9 shows the number of copepods (all species) in 
the mercury-treated bags as a percentage of that in the controls. The varia-
tion of this parameter in the small bags is larger than in the large bags 
due to the lower numbers of organisms in the samples from the small bags, 
and the subsequent larger error in the estimation of the population density. 
It is clear, however, that addition of 5 ug Hg.l enhanced the mortality of 
the copepods. 
50 
POSER 2 
° LB 
a SBN 
» SS 
time fdaysi 
Fig. 9 Numbers of copepods (all species) in the mercury-treated bags as a 
percentage of those in the controls. 
LB = large bag, SB = small bag, SBN = small bag with nutrients added. 
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3.5 BACTERIA 
Figure 10 shows the number of bacteria in the small bags during POSER 1. 
In the controls, numbers increased from 2 to 5.105 bacteria per ml. 
_1 
Addition of 1 and 5 ug Hg.l inhibited this increase, but at the end of the 
experiment bacterial numbers also increased in the polluted bags. In the 
large bags too few samples were taken during POSER 1 to allow any conclusions 
on the influence of the added mercury. 
Figure 11 shows the number of bacteria in the small bags during POSER 2. 
In the controls, to which no nutrients had been added, numbers increased 
slowly during the experiment from 5 to about 14.105 bacteria per ml. 
Addition of mercury inhibited this increase till day 8. After day 12 num-
bers of bacteria were comparable to that in the controls. In the nutrient-
spiked controls bacteria at first showed a small increase until day 6, 
then a decrease occurred and, after day 10, numbers increased to a maximum 
on days 14 and 15, respectively. 
In the nutrient-spiked bags treated with mercury, numbers of bacteria were 
lower than in the controls during the first days following the addition of 
mercury, but after day 8 already numbers increased to a maximum comparable 
to that in the controls. In the large bags no effects of mercury on the 
bacteria could be detected during POSER 2. 
2 -
POSER 1 
bacteria y 
/V»!Os .m/" ' / 
I addition of Hg 
t 6 S 
»- time f days) 
Fig. 10 Development of the bacteria in the water in the small bags during 
POSER 1. 
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Fig. 11 Numbers of bacteria in the small bags without nutrient addition (a) 
and with nutrient addition (b). Average of samples taken at 0.5 and 
2.0 m depth. 
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4. DISCUSSION AND CONCLUSIONS 
The development of the plankton in large and small enclosures is compared in 
a separate paper (Kuiper et al. 1981). The general plankton development in 
the Rosfjord and in the controls is discussed in detail by Brockmann et al. 
(1981c,d, this volume). Here, the results will be mainly discussed in rela-
tion to mercury and to former experiments with enclosed marine plankton 
communities treated with mercury (Grice and Menzel 1978, Davies and Gamble 
1979, Kuiper 1977, 1980a,b, Topping et al. 1981). 
4.1 FATE OF THE MERCURY ADDED 
In former experiments mercury concentrations decreased by 3-30% per day 
(Kuiper 1977, 1980, 1981b). Davies and Gamble (1979) found a decrease of 6% 
per day, Takahashi et al. (1977) 3% per day in their bag experiment. The rate 
at which mercury disappeared from the water did not seem to be related to bag 
size, but to the amount of particles available for adsorption and subsequent 
settling (cf. Topping et al. 1981). If more nutrients were available for par-
ticle production, mercury concentrations decreased faster. High phytoplankton 
activity also results in higher production of residuals of phytoplankton 
cells and extracellular, soluble organic matter, which could form organic 
complexes with mercury. These complexes could have a different adsorption 
behaviour to the walls of the bags and react differently with organisms. 
At the end of POSER2 a maximum of only 5.6% of the mercury added could 
be recovered from the sediment. This low recovery must partially be 
attributed to incomplete sediment sampling, but the sampling error will not 
have exceeded 100%. In experiments in Den Helder approximately 25% was 
recovered at the end of experiments, a maximum of 10% was adsorbed 
to the walls and the remainder was volatilized and had disappeared into the 
atmosphere. Davies and Gamble (1979) recovered 25-30%, Topping et al. (1981) 
found 6-25% in the sediment and Takahashi et al. (1977) recovered nearly all 
the added mercury in the sediment. 
Davies and Gamble (1979) suggest that the larger wall surface : volume ratio 
in their bags as compared with Takahashi's caused relatively higher adsorp-
tion to the walls, but Topping et al. (1981) did not measure more than 20% 
of the added mercury on the walls, which were made of PVC foil. Experiments 
with enclosures containing 68 m^ in Saanich Inlet showed that, per day, 1% 
of the added mercury was lost to the atmosphere (Azam, pers. comm.). 
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The cause for the higher rate of mercury loss from small bags is probably 
related to the reduced mixing and to the relatively smaller surface area 
available for gas exchange with the atmosphere in very large bags in compari-
son with the small bags. It is not sure which part of the mercury in the sea 
would disappear in the atmosphere under natural conditions, since these con-
ditions will vary strongly with time and place. Our results support hypo-
theses about atmospheric mercury transport put forward by Wollast et al. 
(1975); Brosset and Svedung (1977) also found strong indications that on the 
west coast of Sweden the polluted water of the North Sea, rather than indus-
trial air pollution, was the primary source of atmospheric mercury. 
4.2 EFFECTS OF THE MERCURY ADDED 
?ÏÎY.£°EÏ§2ÎS£22 
During POSER 1 no influence of mercury on the phytoplankton could be detected, 
which was probably due to the inactivity of the phytoplankton in the con-
trols. Brockmann et al. (198ld) hypothesize that recently upwelled water had 
been enclosed and that unchelated trace metals inhibited phytoplankton growth. 
During POSER 2 the relative carbon assimilation rate was inhibited after 
addition of 5 ug Hg.l in the bag without nutrient addition during the 
whole experiment (final Hg concentrations about 1.3 Ug.l ). In the nutrient-
spiked bags phytoplankton growth was inhibited as long as mercury concentra-
tions were higher than 2-2.5 ug Hg.l . Davies and Gamble (1979) and Thomas 
et al. (1977), also working with enclosed plankton communities, found a 
transient reduction of the relative carbon assimilation rate after addition 
_1 _1 
of 1 ug Hg.l . Addition of 5 or 10 ug Hg.l had stronger, but also tran-
sient inhibitory, effects on the phytoplankton in these experiments. Five days 
after mercury addition Thomas et al. (1977) found that phytoplankton bio-
mass increased again in both treated enclosures, mercury concentrations 
being still as high as 1 and 5 ug Hg.l , respectively. During this time the 
water from the enclosures was still toxic to the outside phytoplankton, 
indicating that the phytoplankton in the mercury-treated bags showed some 
adaptation. On day 45 of the same experiment mercury concentrations in the 
enclosures were not toxic any more to the outside phytoplankton, although 
_1 
the above mercury concentrations were still as high as 0.4 and 2.9 ug Hg.l , 
respectively. 
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In former experiments with Dutch coastal plankton addition of 0.5 or 1 yg 
Hg.l had no significant effects on the enclosed phytoplankton. Addition of 
5 ug Hg.l inhibited the phytoplankton in all experiment as long as mercury 
concentrations in the water were higher than 1.5-2 yg Hg.l (Kuiper 1977, 
1980, 1981b). In one experiment a single dose of 50 yg Hg.l was added, 
resulting in a very strong inhibition of the phytoplankton during 29 days. 
After this period phytoplankton growth occurred again, mercury concentrations 
_1 
in the water being as high as 18 yg Hg.l 
Results of the present experiments may indicate inactivation of mercury by 
chelation or adsorption to particles (cf. Briand et al. 1978). 
The fact that the relative carbon assimilation was not inhibited in the 
nutrient-spiked bags a few days after the addition of mercury, while in the 
bag without nutrient addition the carbon assimilation was inhibited during 
the whole experiment, was probably due to lack of complexing substances 
which were not produced is such amounts as in the nutrient-spiked bags. 
Another explanation, not excluding the former, may be that in the bag with-
out nutrient addition the phytoplankton was also stressed by the very low 
nutrient concentrations. The additional mercury stress had a stronger influ-
ence than without nutrient stress. Cloutier-Mantha and Harrison (1980) 
found that the threshold of mercury toxicity to Skeletonema costatum 
decreased by an order of magnitude when NHit-limited cultures were starved 
of ammonia. 
In former experiments Kuiper (1977, 1980, 1981b) showed changes in species 
composition after addition of mercury, which were probably related to 
reduced grazing after mercury addition. During POSER probably less than 2% 
was filtered per day by the copepods (using filtration rates given by 
Sonntag and Parsons 1979). This was probably the reason that the species 
composition of the phytoplankton was not changed in these experiments. 
Neither did Davies and Gamble (1979) and Thomas et al. (1977) find changes 
in the species composition as a direct effect of mercury addition. 
During POSER2, addition of 5 yg Hg.l reduced the numbers of copepods con-
siderably in comparison with the controls. This was also found by Davies 
_1 
and Gamble (1979) and Beers et al. (1977) after addition of 10 or 5 yg Hg.l . 
Beers et al. (1977) found also a delay in the development of the copepod 
populations. In former experiments in Dutch coastal waters addition of mer-
cury always delayed the development of the copepods (Kuiper 1977b, 1981). 
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During POSER a delay could not be shown, since the copepods did not develop 
in the controls either, at this early spring bloom phase (Kuiper et al. 1981, 
Brockmann et al. 1981c). The presence of nauplii indicates that the develop-
ment of Calanus finmarchicus had started in a preceding period, because this 
species hibernates in the copepodite V stage in these waters (Matthews et 
al. 1978). 
Bacteria 
During both POSER experiments numbers of bacteria were lower immediately 
after addition of 1 or 5 yg Hg.l . These small organisms showed the quick-
est response. Six and ten days after mercury addition in the bags with and 
without nutrients bacterial numbers were however similar to those in the 
controls. Just as with phytoplankton, this finding indicates that nutrient 
addition accelerates the inactivation of the mercury via the increased 
production of complexing material, although the development of adapted species 
cannot bé excluded. 
Davies and Gamble (1979) did not find any effects of addition of 1 or 10 
ug Hg.l on natural bacterial populations, which may also have been caused 
by their methodology. Azam et al. (1977), also working with natural communi-
ties, found a strong decrease of bacterial activity and numbers directly 
"_1 
after addition of 5 yg Hg.l , followed by the development of a mercury-
resistant bacterial population, which reached higher numbers than in the 
control. 
In former experiments with Dutch coastal plankton the bacterial biomass was 
estimated by counting colony-forming units (CFU) on agar plates. A decrease 
after addition of 5 yg Hg.l has never been detected, but after a period of 
approximately one week numbers of bacteria in polluted enclosures were 
always higher than in the controls (Kuiper 1980, 1981b). The inhibitory 
effects during POSER were comparable to the results of Azam et al. (1977), 
the stronger increase of bacteria after addition of nutrients and mercury 
was comparable to results of Azam et al. (1977) and Kuiper (1980, 1981b). 
This stronger increase is probably caused by the increased availability of 
substrate by died phytoplankton and the absence of inhibitory substances, 
sometimes released by exponentially growing phytoplankton (Brockmann et al. 
1977). In this respect, the bacterial decrease within the non-polluted, but 
nutrient-spiked bags, between day 7 and day 11, can be interpreted as an 
inhibition effect by the exponentially growing phytoplankton at this time. 
A4-23 
Com2arison_with_other_studies 
From the results available of enclosure experiments it can be concluded that 
mercury effects on natural plankton communities, isolated from fairly differ-
ent parts of the world (Saanich Inlet, Canada; Loch Ewe, Scotland; Dutch 
coastal waters; Rosfjord, Norway) are very similar and that the mercury con-
centrations at which effects were found, are also comparable (0.5-2 yg Hg.l ) 
This indicates that results obtained in Dutch coastal waters can, with some 
confidence, be extrapolated to other sea areas. 
It is interesting to compare the results of enclosure experiments with those 
of other toxicity studies. Several reviews concern the toxicity of mercury 
to aquatic life (Bryan 1976, Stebbing 1976, Taylor 1979, Davies 1978, Leland 
et al. 1979). Laboratory experiments seldom show effects at concentrations 
lower than 1 ug Hg.l . The lowest concentration at which effects were found 
_l _1 
in enclosure experiments was 0.5 ug Hg.l ; a single dose of 0.5 ug Hg.l 
changed the species composition of the periphyton (Grolle and Kuiper 1980). 
Sigmon et al. (1977) found a reduction of the diversity of an epiphyton com-
munity in artificial streams, and Saward et al. (1974) detected small effects 
at concentrations of 0.1 ug Hg.l . In both studies the mercury concentrations 
were kept constant at the desired level in a flow-through system. The orga-
nisms were constantly exposed to new doses of "ionic or reactive" mercury 
(Davies and Gamble 1979). 
For copper and cadmium it has been shown that their toxicity is correlated 
with the concentration of free metal ions and not with the total metal con-
centration (Sunda et al. 1980, Sunda and Lewis 1978, Engel and Fowler 1979). 
Results of different bag experiments indicate that mercury is detoxified 
during these experiments. Addition of nutrients accelerates this process, 
indicating a role for organic matter as a complexing agent. These experiments 
are not conclusive, however, as to which forms of mercury are the most toxic, 
or as to the mechanisms by which mercury is detoxified. 
4.3 EFFECTS OF NUTRIENT ADDITION 
The addition of nutrients to the small bags strongly stimulated phytoplank-
ton growth. The rate of increase and the height of the chlorophyll maximum 
was comparable to that of a spring bloom in Lindaspollene, a fjord north of 
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the Rosfjord (Lännergren and Skjoldal 1975). As secondary effects of this 
enhanced primary production the amount of sediment and the rate of decrease 
of the added mercury were higher in the nutrient-spiked enclosures. The 
species composition was not affected, although percentages changed. 
Stimulation of primary production is often found after nutrient addition 
(Berland and Bonin 1975, Parsons et al. 1977, 1978). 
Another secondary effect of the enhanced primary production was that the rate 
of decrease of the added mercury was higher in the nutrient-spiked enclosures. 
This is important, since in many enclosure experiments which explicitly aim 
at the fate of the added pollutant, nutrients were added. If a pollutant is 
added which adsorbs to particles, rates of decrease will be found which are 
probably too high when compared with naturally occurring rates of removal 
(cf. Lee et al. 1978). In these cases addition of nutrients to the enclosed 
plankton communities should be avoided. 
f By comparison of the effects of mercury in the nutrient-enriched enclosed 
ecosystems with the enclosures left in the original nutrient condition, it 
can be concluded that those plankton ecosystems would be affected the most 
by heavy metals, which are within the regenerative mode with low nutrient 
concentrations. 
Cloutier-Mantha and Harrison (1980) concluded the same from their laboratory 
j studies with Skeletonema costatum. This applies to the temperate regions 
J during the summer time with succeeding anabolic and catabolic phases. But 
also during the winter phase when the phytoplankton is not very active, 
production of dissolved organic substances is reduced so that in particular 
protection of bacteria that are still active will not occur. 
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The Netherlands 
ABSTRACT: Fate and effects of cadmium on the development of North Sea coastal plankton com-
munities, enclosed in plastic bags containing 1.5 m3 natural water, were studied in 2 experiments. Both 
experiments were carried out in summer-autumn and lasted 11 and 7 weeks respectively. Cadmium 
chloride was added to different bags in single doses of 1, 5 and 50 |ig Cd 1~'; in the first experiment 
additional doses of 100 and 250 ug Cd I"1 were added in the middle of the experiment to 2 of 6 bags. At 
the end of the experiments 4-9 % of the added cadmium was recovered in the sediment, the remainder 
was still in the water phase. Addition of 5 or 50 ug Cd 1~' resulted in slightly higher phytoplankton 
concentrations in one experiment. The mortality of copepods was increased by addition of 250 or 100 ug 
Cd l"1 ; addition of 50 ug Cd 1~' resulted in a much lower zooplankton biomass. Due to differences in the 
sensitivity of different species, addition of 50 \ig Cd l"1 caused a change in species composition of the 
zooplankton community compared to controls. Growth of Pleurobrachia pileus was inhibited at 5 and 
1 ptg Cd r \ leading to differences in the numbers of copepods between controls and treated bags. At 
concentrations of 50 ug Cd l"1 or higher no P. pileus were found. Concentrations of 1-5 \ig Có r 1 occur 
locally in polluted waters. The first experiment lasted more than 3 months and showed that nutrient 
regeneration rates in the bags are large enough to enable the system to persist without artificial 
nutrient additions. 
INTRODUCTION 
In nature large and little-understood variations fre-
quently occur in ecologically important parameters 
such as population density and species composition. It 
is therefore difficult to detect long-term effects of 
environmental stress in the field. Much of our knowl-
edge of the influence of individual pollutants on the 
marine ecosystem comes from actual dumping practice 
and from tanker and other disasters. 
Although laboratory experiments are indispensable 
and yield useful information, extrapolation of their 
results to field conditions is at present difficult, if not 
impossible. In order to assess the value of experiments 
in the laboratory, there is a need for experiments with 
more complex systems that can be regarded as approx-
imating field conditions more closely (Ringelberg, 
1973; Menzel and Case, 1977). 
To bridge the gap be tween the laboratory and the 
aquatic environment, several investigators use large 
' This work was carried out under contract No. 227-77-1 
ENV N of the E. C. Environmental Research Programme 
plastic bags suspended in natural water (e. g. Strickj-
land and Terhune, 1961; Menzel and Case, 1977;; 
Davies and Gamble, 1979). This type of research, usinjj 
Dutch coastal water plankton communities, was 
started in 1974. When it had been shown that tha 
method of enclosing a plankton community in a plastic 
bag could be used for toxicological research (Kuipe-, 
1977a, cf. Takahashi et al. 1975), further investigatio i 
was aimed at developing the method and at determir -
ing the impact of pollutants in low concentrations on 
the development of the enclosed system (Kuipef, 
1977b, 1981). This paper describes 2 experiments i^ i 
which cadmium chloride was used as model pollutant. 
Cadmium was chosen because of its increasing impor-
tance as a pollutant in the field (Abdullah et al., 197$; 
Preston, 1973; CEC, 1974; Ketchum et al., 1975). 
Apart from studying fate and effects of cadmium dn 
the development of plankton communities in bags, th e 
first experiment was also used to test the hypothesis 
that nutrient regenerat ion rates in the bags are larç e 
enough to enable the ecosystem to persist over consii 1-
erable time without artificial nutrient additions, whi< h 
are necessary in much larger, stratified enclosed wat ir 
A5-1 
columns (Menzel and Case, 1977; Davies and Gamble, 
1979). 
MATERIALS AND METHODS 
Experimental Handling 
Construction of the bags and experimental proce-
dures have been described in detail by Kuiper (1977a). 
The first experiment started on 17 May and ended on 
18 August 1976. The intensive sampling programme 
described below ended on 15 June . The second experi-
ment started on 7 September and ended on 25 October 
1976. 
In each experiment 6 bags were filled simultane-
ously with about 1 400 1 of North Sea water, collected a 
few miles off shore. The bags were anchored near a raft 
in the harbour of Den Helder (The Netherlands). Large 
predators (Ctenophora, fish larvae) were prevented 
from entering the bags by filtration of the water 
through a 2 mm net. 
In all experiments single doses of cadmium chloride 
were added. To this end 100 1 of water was pumped out 
of each bag into a PVC container and rapidly mixed 
with 1 1 of a concentrated solution of cadmium chloride 
in acidified water (0.1 ml 12 M hydrochloric acid). This 
mixture was at once pumped back into the bag through 
a PVC sprinkler, which was slowly lowered into the 
bag to ensure thorough mixing of the solution with the 
seawater in the bag. In the first experiment cadmium 
chloride was added on Day 3 (the start of an experi-
ment be ing Day 0) to 4 bags to give initial concentra-
tions of 1,5 (2 bags) and 50 ug Cd 1~'. Two bags were 
treated identically without addition of cadmium and 
served as controls. Because on Day 22 no clear effects 
of the addition of cadmium were expected, an addi-
tional dose was given on Day 23 to 2 bags to give 
concentrations of 100 and 250 ug Cd l"1 respectively. In 
the second experiment cadmium chloride was added 
on Day 10 to give initial concentrations of 1, 5 (2 bags) 
and 50 (ig Cd T1. As in the first experiment 2 bags 
served as controls. 
Samples, except those of zooplankton, were taken 
daily, as a rule at 9 a. m. Zooplankton samples were 
collected by means of a pipe (length 3 m, diameter 
4 cm) with a ball valve at the end, sampling nearly the 
whole water column (0-2.5 m). Each sample (15.7 1) 
consisted of 5 lowerings of the pipe into each bag. The 
contents of the sampler were filtered through a 55 (im 
net, and the retained material was at once fixed and 
preserved in a 4 % solution of formaldehyde in filtered 
seawater. 
During the first experiment the (non-metallic) zoo-
plankton sampler was also used to collect the samples 
for the other analyses (integrated sample 0-2.5 m 
depth). During the second experiment samples for phy-
toplankton, nutrients, etc. were collected with a non-
metallic sampler consisting of 2 chambers that could 
be opened at any desired depth. To investigate the 
variation of selected parameters with depth, samples 
were always taken at depths of 0.5 and 2.0 m. 
During the first experiment the ctenophore Pleuro-
brachia piîeus developed in considerable numbers. 
These numbers were est imated as follows: a Secchi 
disc (diameter 15 cm) was lowered to a depth of 1.5 m 
in the bags. During a period of 30 min the number of P. 
pileus in the water column above the Secchi disc was 
recorded every minute. The average number recorded, 
multiplied by 47 ( = total depth of bag/1.5 t imes area 
bag/area disc) gives an estimate to the total number of 
P. pileus in the bag. The reproducibility of the mea-
surement itself is good (s. d. of a single measurement 
was estimated to be 10 %), but no information about 
the error of the estimate was obtained. The advantage 
of this method is that it gives an estimate of the number 
of P. pileus without killing them. The bags are too 
small to allow an estimate of their number by 
sampling. 
At the end of the experiment the sedimented mate-
rial was collected from the bottom of the bag by 
SCUBA divers using a large, non-metallic injection 
syringe. 
Analytical Methods 
The chlorophyll concentration was measured 
according to Strickland and Parsons (1968). The sam-
ples of phytoplankton were preserved with Lugol's 
iodine (Vollenweider, 1969) and examined with a 
Zeiss inverted microscope (Utermöhl, 1958). The main 
species were identified, where possible using nomen-
clature given by Ingram Hendey (1964) and Drebes 
(1974). 
Concentration and size distribution of suspended 
particulate matter were measured in unpreserved sam-
ples with a Coulter Counter, Model TA II fitted with a 
population accessory, using a 100 ^m or a 280 urn tube 
or both (Sheldon and Parsons, 1967, Gamble et al., 
1977). 
Primary production was measured during the second 
experiment employing Steemann Nielsen's (1952) 14C 
method. Samples of 100 ml were added to 1 ml of 
NaH[14C]0 :i solution (ampoules with an activity of 
3.6 n Ci ml - ' were supplied by the International 
Agency for l 4C determination, Horsholm, Denmark) in 
125 ml light and dark bottles. One light and one dark 
bottle were suspended at depths of 0.5 and 2.0 m in the 
bags. After 6 h of incubation (9 a. m. - 3. p. m.) the 
A5-2 
bottles were taken to the laboratory in a dark box, and 
their contents filtered. 
Each filter was put in a counting vial containing 
10 ml of a scintillation solution (Anderson and Zeut-
schel, 1970; Pugh, 1973). The vials were counted with a 
Packard Tricarb liquid scintillation counter. The inor-
ganic carbon content of the water was determined by 
titration according to Strickland and Parsons (1968). 
The concentrations of orthophosphate, ammonia, 
nitrate, nitrite and reactive silicate were measured 
with a Technicon autoanalyzer according to Strickland 
and Parsons (1968) and Technicon procedures. 
The zooplankton was counted, identified and meas-
ured by the procedures described by Fransz (1976); 
naupli i and copepodites of each species were divided 
into at least 6 size classes and the adults separated by 
sex. Subsamples of the 15.7 1 sample were examined 
with a microscope until at least 150 organisms had 
been counted. Changes in population densities at the 
various stages of copepods development - copepods 
always form the major part of zooplankton biomass in 
the bags - were used to estimate development and 
mortality rates of selected species, using multiple 
regression analysis of abundance of size classes 
(stages) at the various sampling dates (Fransz, 1976). 
Production of organic matter by copepods was esti-
mated by multiplying the means be tween zero and the 
upper limit of the 95 % confidence interval of develop-
ment rates by the mean density and the weight incre-
ment for each time interval (Fransz, 1976). Dry weights 
of the copepods were derived from regression of dry 
weight on céphalothorax length given by Robertson 
(1968) and Nassogne (1972). 
Other parameters measured include water tempera-
ture, salinity, Secchi-disc visibility, oxygen concentra-
tion, pH and global radiation (Mollgorczynski radia-
tion meter). Unfiltered water samples for cadmium 
analysis were preserved with nitric acid (supra pur, 
samples pH = 2). Cadmium was extracted from the 
samples and analyzed by atomic absorption spec-
trometry following procedures described by Fonds and 
Estrof (1973). Cadmium concentrations in the sediment 
were measured by neutron activation analysis accord-
ing to Tjoe et al. (1973). 
Statistics 
Most statistical analyses (Analysis of variance, Stu-
dent's-t, sign-test, Wilcoxon test) were performed on 
the CDC 6400 computer of IWIS-TNO, The Hague. 
Computations for the zooplankton analyses were con-
ducted with the CDC 6600 of the Nuclear Centre at 
Petten (with the help of Dr. H. G. Fransz of the Nether-
lands Institute of Sea Research, Texel). In all cases 
where no confidence level is given P < 0.05 wa|s 
tested. 
RESULTS 
Phytoplankton During the First Experiment 
The water that was used to fill the bags was rela-
tively clear (Secchi disc visibility 2.6 m) and had i 
salinity of 31 %o S. The temperature during the first 60 
days was around 14 °C, thereafter températures 
increased to 20 °C. Fig. 1 shows the cadmium concen-
trations in the different bags during the experiment 
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Fig. 1. Cadmium concentrations in water during first experi-t 
ment 
Most cadmium remained in the water phase . Even or 
Day 93 1.4 u.g Cd 1~' was measured in Bag 3 (actua 
initial concentration 1.5 u,g Cd r 1 ) . The developmen 
of chlorophyll concentrations is shown in Fig. 2 (deptl 
integrated samples 0-2.5 m). The initial concentration: 
of 1 mg m~3 was relatively low. The phytoplanktor 
community consisted of diatoms (Biddulphia regia, B 
sinensis, Asterionella japonica, Chaetoceros spp.) 
large flagellates (cf. Rhodomonas sp.) and u-flagel-
lates. Of these species the large flagellates and u-
flagellates started to reproduce immediately after the 
bags were filled, producing a chlorophyll maximum or 
Day 4 or 5. A minimum was reached on Day 7. On Day 
14 a second chlorophyll maximum was produced by 
diatoms, of which Lauderia borealis was the main 
species. Only low numbers of u.-flagellates and larger 
flagellates were found on Day 14. 
Considering the first 22 days of the experiment it 
appears that chlorophyll concentrations were higher 
than in the controls after addition of 50 (ig Cd 1~', and 
on the average slightly higher after addition of 5 \ig 
C d r ' . Analysis of variance gave an estimate for the 
A5-3 
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Fig. 2. Chlorophyll concentrations in different bags during first experiment 
variation coefficient of the chlorophyll measurement 
from Day 4-22 (5 %) . Using this variation coefficient it 
could be shown (Student's t test) that chlorophyll con-
centrations were higher after addition of 5 ng Cd H (P 
« 0.02) and 50 ug Cd T1 (P =S 0.05). In a short additional 
experiment, addition of 5 or 50 ug Cd r 1 again led to 
higher chlorophyll concentrations in the bags (Kuiper, 
1980). On Day 23 addit ional doses of 100 and 250 \ig 
Cd 1~' were added to one 5 \ig Cd 1~' bag and one 
control bag respectively. A clear influence of these 
additions could not be detected. 
Mineralization in the bags was apparently large 
enough to supply the phytoplankton with nutrients 
necessary for growth. It is also clear that later in the 
experiment (after Day 25) only a few species of small pi-
flagellates were able to survive in the bags. The com-
parabili ty with the natural system was by this time low. 
After nearly 3 months the material of which the bags 
were made began to distintegrate, especially at the 
water surface. The first and second phytoplankton 
bloom (1st: flagellates, 2nd: diatoms) depleted the 
available nutrients until some nutrient reached growth 
rate limiting values. The nutrient which limited 
growth of the flagellates is not clear, it was probably 
not one of those measured. The growth of Lauderia 
borealis was probably limited by lack of silicate (Van 
Bennekom et al. 1975; Kuiper, 1977a). 
Phytoplankton During the Second Experiment 
The bags were filled on Day O. The salinity of the 
water was 317«. S, Secchi disc visibility 1.5 m. Tem-
peratures were around 15 °C throughout the experi-
ment. As in the first experiment, the added cadmium 
remained in the water phase throughout the experi-
ment. 
Fig. 3 shows the chlorophyll concentrations in the 
bags as a function of time. At the start of the experi-
ment the community consisted of diatoms [Chaetoceros 
chlorapfiylt.mg m-3 
Fig. 3. Chlorophyll concentrations in different bags during 
second experiment (average of 0.5 and 2.0 m depth) 
spp., Leptocylindrus danicus, Coscinodiscus sp., 
Asterionella japonica) and flagellates (Prorocentrum 
spp. an n-flagellates). Different diatoms started grow-
ing after the filling of the bags, Chaetoceros sp. be ing 
the dominant species. These produced a chlorophyll 
maximum on Day 4; a minimum was reached on Day 
10 (the day of addition of cadmium). After Day 10, 
chlorophyll concentrations stayed relatively low in all 
bags. A second maximum, caused by growth of dino-
flagellates and ^-flagellates {Prorocentrum redfieldi 
being the dominant species), was reached on different 
days in the different bags. An influence of the addition 
of cadmium on the development of chlorophyll con-
centrations could not be shown. A detailed microscopi-
cal analysis of the phytoplankton could not show any 
significant differences in the species composition 
be tween the different bags (test of Wilcoxon). 
The carbon assimilation was measured from Day 1 -
16. It appeared that most of the differences be tween 
the measurements on a single depth could be attri-
buted to differences in biomass. Therefore the result-
A5-4 
ing values were divided by the chlorophyll concentra-
tions. This relative carbon assimilation at depths of 0.5 
and 2.0 m is presented in Fig. 4. No large differences 
were found between the bags. Depth, i.e. light regime 
had a large influence on relative carbon assimilation. 
Interestingly, after Day 10, the relative carbon assimi-
relstlue carbon assimilation 
mgC (mgchl) 
lation was relatively high, but the phytoplankton 
biomass did not increase much, indicating that a factor 
other than nutrients limited the phytoplankton 
increase during this period. 
The development of the concentrations of the nut-
rients is shown in Fig. 5. The first phytoplankton p e a k 
deple ted the silicate and nitrogen compounds. After 
this peak, nutrient concentrations remained below the 
detection limit (Si < 1 \ig at l"1, NH4-N < 0.2 \ig at l"1, 
N 0 3 - N < 0.1 (j,g at l"1 and N 0 2 - N < 0.1 ug at l"1) with 
the exception of phosphate concentrations which stay 
around 0.6 fig at P l~'. Nutrients necessary to m a k e 
phytoplankton growth possible after Day 5 were gen-
erated by mineralization of organic matter and used 
directly (cf. Podamo, 1974). 
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Fig. 5. Concentrations of nutrients during second experiment 
Zooplankton During the First Experiment 
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Fig. 4. Carbon assimilation in different bags from 9-15 h 
during second experiment at depths of 0.5 (a) and 2.0 m (b) 
The water used to fill the bags contained various 
zooplankton species; of these, calanoid copepods 
formed the major part of the biomass. Temora longicor-
nis was the main species, followed by Acartia clausi, 
Centropages hamatus and Pseudocalanus elongatus. 
In addition to copepods, larvae of bivalves and worms, 
and nauplii and cyprids of barnacles were also found. 
Adult barnacles lived on the bottom of the bag at the 
end of the experiment. 
Figs. 6 and 7 show the development of Temora Ion-
gicornis and Centropages hamatus during the experi-
ment. From Day 0-23 the average for duplicate bags is 
presented (Controls 1 and 5; 5 ng Cd l"1 no's 2 and 4). 
The 2 aforementioned species, and also Acartia clausi, 
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Fig. 6. Temora longicornis. Number of individuals in different bags during first experiment, (a) small nauplii; (b) large nauplii; 
(c) copepodites; (d) adults 
greatly increased in numbers during the first 40 days of 
the experiment. Although no eggs were counted, they 
were definitely produced, since the development time 
from egg to small naupl ius is 1-2 days. These nauplii 
developed to copepodites and adults in the bags. Dur-
ing the first 4 weeks there appeared to be continuous 
production of eggs and a subsequent increase of the 
numbers of small nauplii . Numbers of nauplii of T. 
longicornis reached a maximum in the controls on Day 
22, copepodites on Day 30 and adults on Day 24. For C. 
hamatus maximum numbers of nauplii , copepodites 
and adults were found on Days 32, 36 and 29 respec-
tively. These data indicate that no clear cohorts could 
be followed throughout their development. After the 
addit ion of 5 \ig Cd 1~' the total number of copepods (all 
species, all stages) was on the average 19 % higher 
than in the controls from Day 7-22. After addition of 50 
Hg Cd r ' numbers were similar to those in the controls. 
It was not until Day 35 that the cause of these 
unexpected observations was revealed. It appeared 
that Pleurobrachia pileus had developed in the con-
trols; this ctenophore is a predator on copepods (Fraser, 
1962; Grève, 1970). Fig. 8 shows the number of P. 
pileus in the bags. It is clear that addition of cadmium 
influences the development of P. pileus significantly 
(test of Wilcoxon, P S 0.05). The number of P. pileus 
after addition of 1 \ig Cd l"1 was, until Day 42, a factor 
10 lower than in the control. After addition of 5ng Cd 
I-1 only 1 ctenophore was found. In bags with cadmium 
concentrations higher than 5 u,g Cd T', P. pileus was 
never detected. Addition of 250 ng Cd. 1~' killed most 
T. longicornis and all C. hamatus. Addition of 100 ng 
Cd r ' killed C. hamatus; mortality rates of T. longicor-
nis (and also of Acartia clausi) increased. 
Zooplankton During the Second Experiment 
The water used in the second experiment contained 
a zooplankton community in which the dominant 
species was Acartia clausi, followed by Centropages 
hamatus, Temora longicornis, Euterpina acutifrons, 
larvae of bivalves and worms, nauplii of barnacles, 
zoeae of Carcinus sp. and Oikopleura sp. Figs. 9 and 10 
show the development of nauplii , copepodites and 
adults of A. clausi and of C. hamatus respectively. T. 
longicornis was also present in considerable numbers 
during the experiment. In the controls the calanoid 
copepods developed from nauplii to adults. Around 
Day 20 the nauplii reached maximum densities, A. 
A5-6 
Fig. 7. Centropages hamatus. Number of individuals in diffe-
rent bags during first experiment, (a) nauplii; (b) copepodites; 
(c) adults. Averages of replicate bags 
clausi be ing the dominant species. In this exper iment 
continuous reproduction also occurred throughout and 
clear cohorts could not be identified. Addition of 1 or 5 
u<j Cd 1"' did not influence the development of the 
copepods. The number of nauplii of C. hamatus was 
significantly lower than in the controls and the number 
of copepodites of C. hamatus and A. clausi was 
reduced after addition of SO (ig Cd 1"'. T. longicornis 
and E. acutifrons appeared not to be influenced by 50 
u.g Cd r ' . These differences in sensitivity to cadmium 
led to shifts in species composition of the zooplankton 
community. After addit ion of 50 ng Cd 1~', T. longicor-
nis and E. acutifrons were relatively more important 
than in the controls. Fig. 11 shows the situation in all 
bags on Day 34. 
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Fig. 10. Centropages hamatus. Number of individuals in dif-
ferent bags during second experiment, (a) nauplii; (b) 
copepoditesj (c) adults 
Secondary Production During the Second Experiment 
Total secondary production by the calanoid 
copepods was estimated with the model of Fransz 
(1976). During the first 3 weeks, secondary production 
increased from 2 to 20 mg dry weight m3 d~' (average 
of all bags, except Bag 6; 50 ug Cd l"1). Thereafter, 
secondary production declined to an estimated aver-
age of 10 mg m~3 d_1. Fig. 12 shows the total biomass as 
a function of time in the different bags as computed 
from the total numbers of different size classes and 
length-dry weight relations given by Robertson (1968) 
and Nassogne (1972). Addition of 1 and 5 ug Cd l"1 did 
not influence the biomass development, but after addi-
tion of 50 ug Cd r 1 biomass was significantly lower (P 
< 0.01, test of Wilcoxon). Secondary production esti-
mates and biomass data were used to compute the P/B 
ratio (production per day divided by the mean 
biomass) in the different bags. The P/B rations in the 
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Fig. 12. Secondary production in different bags; second ex-
periment 
different bags as a function of time are also presented 
in Fig. 12. During the first bloom (Day 0-6) maximum 
P/B ratios were found (average 0.21 ± 0.08, N = 11). 
From Day 10-40 P/B ratios were around 0.11 (stan-
dard deviation 0.03, N = 47). Addition of 50 ug Cd l - ' 
did not influence the P/B ratio. During the first experi-
ment the same analysis was done using zooplankton 
data from Day 0-42. During this period the P/B ratio 
had 2 maxima. The first maximum was around Day 5 
A5-8 
(P/B = 0.22 ± 0.04, N = 5). The second on Day 21 (P/B 
= 0.15 ± 0.09, N = 4). A minimum (P/B = 0.07 ± 0.02) 
was around Day 12; following the second maximum, P/ 
B ratios declined in all bags and from Day 30-40 P/B 
was 0.07 ± 0.03. In both experiments maximum P/B 
ratios occurred during periods of maximum phyto-
plankton biomass. 
Daily primary production during the second experi-
ment (mg Cm"' d_1) was estimated to be twice the 
primary production measured at a depth of 0.5 m or 
roughly to be 10 times the chlorophyll concentration 
assuming an average relative carbon assimilation over 
the water column of 5 mg C (mg chl a)"1 (6 h)~' (Fig. 4). 
At the beginning of the experiment, primary produc-
tion was much larger than secondary production, but 
during the second half of the experiment they were of 
the same order of magni tude (primary production, 30-
50 mg C m ' 3 d"'; secondary production 10 mg Cm"3 
Using filtration rates given by Sonntag and Parsons 
Table 1. Total volumes filtered by copepods in different bags 
during second experiment. Filtration rates: nauplii, 0.5 ml 
d - 1 ; small copepodites, 10 ml d_1; large copepodites, 25 ml 
d - 1 ; adults, 40 ml d"1 
Day 
3 
10 
17 
21 
28 
34 
a l t e red volume (m 
Controls 
0.11 
0.83 
0.80 
1.30 
1.44 
0.69 
0.05 
0.70 
0.87 
1.37 
1.40 
0.63 
1 \xg 
C d l " 1 
0.07 
0.84 
0.51 
1.21 
1.12 
0.81 
m " 3 
S 
<r') 
eg 
C d l " 1 
0.09 
0.64 
0.83 
1.29 
1.26 
0.95 
0.11 
0.73 
0.80 
1.19 
1.08 
0.59 
50 ng 
cd r' 
0.05 
0.58 
0.60 
0.50 
0.20 
0.11 
Table 2. Concentrations of cadmium in sediment of different 
bags at end of experiments 
Bag 
no. 
Cd a d d e d 
to bag (mg) 
1st exper imen t 
1 0 
2 
3 
4 
5 
6 
7 
1.4 
147 
350 
70 
2nd exper iment 
1 0 
2 
3 
4 
6 
7 
1.4 
7 
70 
Cd concentra t ion 
(mg k g - 1 ) wet 
we igh t bas is 
1.4 
28.6 
4.8 
440.0 
1110.0 
362.0 
1.2 
18.4 
4.6 
26.1 
lost dur ing analysis 
% of a d d e d 
Cd in 
sed iment 
7.3 
5.6 
7.3 
7.3 
9.2 
5.0 
4.1 
4.6 
(1979), the volume filtered by the copepods per day can 
be computed from the densities of the copepods. Table 
1 shows the results of these computations. During the 
period with maximum densities of nauplii and copepo-
dites (Day 20-30) the water in the bags was filtered 
totally more than once per day. The estimates of 
secondary production and filtration rates, indicate the 
large influence of grazing zooplankton in this experi-
ment. During the second half of the experiment 
development of phytoplankton biomass appeared to be 
prevented by the grazing pressure. 
Fate of the Added Cadmium Chloride 
Fig. 1 shows cadmium concentrations in the water 
during the first experiments; similar results were 
obtained in the second experiment. Most of the added 
cadmium remains in the water phase . Table 2 lists the 
cadmium concentrations in the sediment on a wet 
weight basis, and the amount of cadmium present in 
the sediment at the end. of the 2 experiments. In the 
first experiment 7.3 % of the added cadmium was 
found in the sediment on Day 93; in the second, 4.6 % 
on Day 48. 
DISCUSSION 
Fate of the Added Cadmium 
The cadmium added to the bags remained in the 
system and accumulated very slowly in the sediment 
due to adsorption and subsequent settling of sus-
pended particles (abiotic particles, phytoplankton 
cells, dead zooplankton, etc.). Adsorption to walls was 
negligible. Adsorption of cadmium to particles is much 
less pronounced in sea water than in fresh water. This 
is probably due to the formation of stable CdCl 2 in sea 
water (Hahne and Kroontje, 1973; Bryan, 1976, Raspor 
et al., 1977). Preston et al. (1972) state that 18 % of the 
total cadmium concentration found in a series of sam-
ples from British coastal waters was bound to the 
particulate fraction, a h igh estimate compared with 
those of other authors. Eaton (1976) found that on the 
average less than 0.4 % of the total cadmium was 
bound to the praticulate fraction (> 0.45 u). In our 
experiments unfiltered water samples were analyzed, 
so that no information on the distribution of cadmium 
in the water is available. 
Ketchum et al. (1975) have also reported very con-
stant cadmium levels after addit ion of cadmium to 
marine micro ecosystems containing sediments. 
Kremling et al. (1978) performed 2 experiments with 
plankton communit ies enclosed in 68 m3 bags to which 
A5-9 
1.3 \ig Cd 1~' was added. Cadmium concentrations in 
the water were nearly constant and at the end of the 
experiments less than 1 % was found in the sediments. 
In our experiments the amount of cadmium recovered 
in the sediment was higher; this is probably due to the 
longer duration of the experiments and the higher 
productivity of the enclosed plankton community. 
Effects of Cadmium on Phytoplankton 
Addition of cadmium chloride to the enclosed micro 
ecosystem had the following impact on the phyto-
plankton: 1 ng Cd r ' did not influence the phytoplank-
ton; 5 and 50 ug Cd 1"' led to higher chlorophyll con-
centrations in the first experiment. In the second 
experiment, 5 and 50 (ig Cd r ' did not influence the 
phytoplankton. The species composition was not 
changed by addition of 1,5 or 50 \ig Cd 1"'. Between the 
2 experiments a short (11 d) experiment was per-
formed, using the same methods, in which higher 
chlorophyll concentations were found after addition of 
5 or 50 \ig Cd r 1 , due to growth of Chaetoceros spp. 
(Kuiper, 1980). 
In model ecosystems, higher chlorophyll concentra-
tions can be the result of less removal from the water 
due to less prédation by herbivores, lower sinking 
rates (e.g. caused by a different species composition of 
the community) or can be caused by increased growth. 
Lower sinking rates seem improbable since the species 
composition was the same in all systems, and since 
physical factors (turbulence, light) were the same in 
different bags. After addition of 50 pig Cd 1_1 the graz-
ing pressure may have been lower, resulting from 
inhibition of the development of the copepods. In the 
short, lower numbers of copepods were found after 
addition of 50 (xg Cd 1_1. Lower grazing pressure after 
addition of 5 ng Cd 1~' seems improbable, since in the 
bags concerned even higher numbers of copepods 
were found than in the controls, due to less grazing by 
Pleurobrachia pileus. The possibility that addition of 
5 ng Cd I"1 st imulated phytoplankton growth cannot 
therefore be excluded, although the working mechan-
isms are unclear. 
Tkachenko et al. (1974) found stimulation of phyto-
plankton growth, measured as carbon assimilation, 
after addition of 1-10 \ig Cd r ' to natural phytoplank-
ton assemblages. Berland et al. (1977) report increased 
growth rates of Skeletonema costatum during the first 
day after addition of 25-100 ug Cdl" 1 ; other inves-
tigators have also reported growth stimulation after 
addition of cadmium to diatom cultures (Canterford et 
al., 1978) or natural phytoplankton assemblages (Patin 
et al., 1972 Ibragim and Patin, 1975). On Day 23 of the 
first experiment additional doses of 100 and 250 \ig 
Cd r 1 were added to 2 bags. Because the frequency of 
sampling was much lower after Day 24 than before, 
and because the interactions between the different 
trophic levels became increasingly complicated (see 
section on Zooplankton), it was not possible to show a 
significant influence of the addition of these higher 
cadmium concentrations on the chlorophyll concentra-
tions. The third maximum in the control and the bags 
to which 1, 5 or 50 ng Cd 1"' was added, occurred on 
Day 46, in the bag to which 250 ng Cd 1~' was added on 
Day 42. The fact that this maximum occurred earlier 
after addition of 100 and 250 \ig Cd r ' might be a 
result of mineralization of dead zooplankton or 
reduced grazing. 
The lowest concentrations influencing the growth of 
Table 3. Minimum concentrations exerting effects on marine animals. Based on the sources listed 
Species 
Tigriopus japonicus 
Uca pugilùtor 
Pleuronectes flesus 
Homarus americanus 
Morone saxatilis 
Palaemonetes pugio 
Eurypanopeus depressus 
Pleuronectus platessa 
Mysidopsis bahia 
Mytilus edulis 
Laomedea edulis 
Pseudodiaptomus coronatus 
Concentration 
(( igCdl- ' ï 
44 
1 
5 
6 
0.5-5 
44 
10 
5 
10 
50 
3 
1 
Effect 
Time to reach F2 generation more 
than doubled 
Decreased swimming activity of zoea 
Stage I, reduced salinity and temperature 
tolerance; depressed respiration of 
Zoea V 
Blood anemia 
Increased oxygen consumption 
Depressed oxygen consumption 
50% mortality 
Decreased development rate 
Reduced growth 
Reduced survival; reduced formation 
of brood pouches 
Reduced development of Trochophora 
Irreversible retraction of hydranths 
Reduced feeding rates 
Source 
D' Agostino and Finney (1974) 
Vernberg et al. (1974) 
Larsson (1975) 
Thurberg et al. (1977) 
Calabrese et al. (1977) 
Sunda et al. (1978) 
Mirkeset al. (1978) 
Westernhagen et al. (1978) 
Nimmo et al. (1978) 
Lehnberg and Theede (1979) 
Theede et al. (1979) 
Sick and Baptist (1979) 
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fresh water phytoplankton found in the literature vary 
from 2-50 (ig Cd 1_1 (Hutchinson, 1973; Bartlett et al., 
1974; Klass et al., 1974; Conway, 1978). Berland et al. 
(1976) investigated the influence of cadmium chloride 
on 18 marine species. Growth rate-inhibiting concen-
trations varied from 5-500 ng Cd r ' (mean 85 ag 
Cd r ' ) , lethal concentrations for 16 of the 18 species 
were equal to or higher than 250 ng Cd 1"'. Li (1978) 
and Hollibaugh et al. (1980) recorded growth rate 
inhibition after addition of 100 \ig Cd 1 ' . Tkachenko et 
al. (1974) found inhibition of several marine phyto-
planktons at a concentration of 100 |xg Cd 1 ' . Gener-
ally, inhibition of phytoplankton appears to occur at 
lower cadmium concentrations in fresh water than in 
the marine environment. The differences in speciation 
of cadmium in fresh and salt water are probably 
responsible for this difference. Due to the much lower 
adsorption in seawater, the amount of cadmium which 
reaches the cell is lower in seawater than in fresh 
water with the same cadmium concentration and cell 
density. 
The differences in the response of the phytoplankton 
in the 2 experiments could be due to any of a number of 
factors. Firstly, starting conditions differed widely 
be tween experiments (species composition, nutrient 
concentrations, etc.). Secondly, in the first experiment 
cadmium was added before large phytoplankton 
blooms had occurred and nutrients were not depleted; 
in the second experiment cadmium was added just 
after a bloom. Under these circumstances dying phyto-
plankton probably supplied large amounts of organic 
compounds able to complex the added cadmium. 
Härdstedt-Romeo and Gnassia-Barelli (1980) showed 
that organic substances produced by phytoplankton 
cells can decrease the amounts of cadmium taken up 
by phytoplankton. 
Effects of Cadmium on the Zooplankton 
During the first experiment addition of cadmium 
inhibited the development of Pleurobrachia pileus at 
all concentrations (1-250 ng Cdl~') . After addition of 
1 (ig Cd r ' the numbers of this ctenophore were 10 
times lower than in the control; after addition of 5 ng 
Cd I*' only 1 P. pileus was found. In the bags with 
cadmium concentrations of 50 ug Cd l"1 or more P. 
pileus was never found. Unfortunately, by the time P. 
pileus was observed, no replicate bags were available, 
because of the addition of 100 and 250 \ig Cd 1"' on Day 
23. However, the fact that during the first period num-
bers of copepods in the 2 controls were lower than in 
the bags to which 5 [ig Cd r ' had been added (the 
numbers were on average even lower in the control 
bag which was later sacrificed), indicates that also 
during the first period the grazing pressure of P. pileus 
was more intense in controls than in bags with 5 |ig 
C d l 1 . 
The increased mortality rate of copepods in the con-
trols due to grazing Pleurobrachia pileus makes 
demonstration of a possible increase in mortality rates 
resulting from addition of cadmium more difficult (cf. 
Gibson and Grice, 1977). Addition of 250 [ig Cd r ' 
killed most Temora longicornis and all Centropages 
hamatus. Addition of 100 |ig Cd 1~' killed C. hamatus 
and increased mortality rates of T. longicornis (and 
also of Acartia clausi). At the beginning of the experi-
ment, numbers of copepods, following addition of 
50 ng Cd r ' , were comparable to or lower than in the 
controls. In the controls a certain grazing pressure 
existed because of developing P. pileus. It may there-
fore be concluded that addition of 50 \ig Cd r 1 results 
in increased mortality of copepods or a decreased 
development rate. 
In the second experiment the effects of cadmium 
were more clear. Addition of 50 ng Cd 1"' resulted in a 
much lower biomass of copepods than in the controls. 
Not all species of copepods were influenced; this led to 
changes in species composition, compared to controls. 
In nature such shifts in species composition may exert 
important effects on higher trophic levels via selective 
feeding. 
In both experiments no significant influence on the 
development of copepods after addition of 1 and 5 (ig 
could be shown. Recent literature reveals a decrease of 
no-effect levels with time. Eisler (1971), reviewing the 
toxicity of cadmium to marine organisms, reports that 
some crustacean species were most sensitive, having 
96h LC 50 values of 320-420 \ig Cd 1"'. According to 
Pavicic and Järvanpää (1974) the development of 
Mytilis galloprovincialis veligers was inhibited by 
80 ^g Cdl" 1 . Rosenberg and Costlow (1976) reported 
that 50 ng Cd l"1 decreased the survival and develop-
ment rate of some development stages of 2 estuarine 
crabs; 50 \ig Cd T1 was the lowest concentration exert-
ing adverse effects on marine animals. Reviews by 
Taylor (1977) and Davies (1978) also list very few 
effects from cadmium concentrations lower than 50 ng 
Cd I"1. Taylor (1977) concludes that the range contain-
ing 90 % of the literature data in sublethal effects to 
marine organisms was 50-60 000 \ig Cd 1~'. Table 3 
lists additional effects of cadmium concentrations on 
marine animals. In fresh water, adverse effects of cad-
mium seem to occur at lower concentrations (Biesinger 
and Christensen, 1972; Pascoe and Mattey 1977; Tay-
lor, 1977). The different speciation of cadmium in fresh 
water is probably also here the key factor for causing 
this difference. The cadmium concentrations influenc-
ing the development of copepods and Pleurobrachia 
pileus in the present report are among the lowest 
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reported in the literature. Other investigators reporting 
effects of cadmium at concentrations < 5 ng Cd 1~' 
mostly employed flow-through systems, in which cad-
mium was refreshed and probably remained in a non-
complexed form. In the bags part of the cadmium was 
presumably complexed by organic compounds, and 
therefore less available for the biota. The importance 
of speciation of metals in relation to their toxicity and 
bioaccumulation is increasingly acknowledged and 
has also been shown for cadmium. For example, Pre-
mazzi et al. (1978) documented a 5 fold increase of the 
EC 50 of cadmium to Selenastrum if EDTA was pre-
sent, and Sunda et al. (1978) showed that the free 
cadmium is mainly responsible for toxic effects. 
Concentrations of 1-5 ng Cd 1"' a re .comparable to 
those occurring locally in the field; Bryan (1976) gives 
0.04 ng Cd - 1 as the mean concentration in the N. E. 
Atlantic Ocean and 0.41 ng Cd 1~' for the North Sea. 
Boyden et al. (1979) found concentrations around 0.4 
ng Cd 1~' in a Cornish estuary. Nürnberg and Valenta 
(1979) list 53 ng Cd 1~' as average concentration for the 
North Sea, being 10 times lower than our figures and 
those of Bryan (1976); this probably can be attributed 
to differences in the analytical method used. Eaton 
(1976) found a mean of 60 ng Cd 1~' in the Atlantic 
Ocean and 230 ng l"1 in the Gulf of Maine. In polluted 
coastal waters, such as the Bristol Channel or Scheldt 
estuary, concentrations can be as high as 10 ng Cd 1~' 
(Abdullah, 1972); Holmes et al. (1974) even measured 
78 ng Cd I"1 in an estuary in Texas; maxima of 
20-80 ng Cd l"1 were recorded by Kneip (1977) near 
New York; Wong et al. (1980) found 53 ng Cd T1 in 
Hong-Kong waters. 
CONCLUSIONS 
The cadmium added to the bags remained in the 
experimental system and accumulated very slowly 
(< 1 % week"1) into the sediment, which collected on 
the bottom of the bags. 
Addition of single doses of 5 and 50 ng Cd 1 _ 1 
resulted in higher phytoplankton biomass compared to 
controls in the first experiment. In the second experi-
ment, no effects on phytoplankton were detected. In 
both experiments the species composition of the phyto-
plankton was not influenced after addition of 1, 5 or 
50 ng Cd l"1 . 
During the first experiment, addition of cadmium 
inhibited the development of Pleurobrachia pileus at 
all concentrations (1 - 250 ng Cd 1"'). At concentrations 
of 50 ng Cd r ' or higher P. pileus did not develop in the 
bags. The presence of P. p i leus influenced the 
development of the copepods in such a way that the 
densities of copepods after addition of 1 and 5 ng Cd I"' 
were higher than in the controls. In the second experi-
ment addition of 1 and 5 ng Cd 1~' did not influence the 
zooplankton. Addition of 50 ng Cd 1~' resulted in lower 
zooplankton biomass and a different species composi-
tion as compared with the controls. Addition of 100 and 
250 ng Cd I"' increased the mortality rate of the 
copepods. 
Although the single dose of cadmium, added to the 
bags, was probably complexed during the experiment, 
so that only a limited amount of 'biologically active' 
cadmium was present in the waterphase, concentra-
tions influencing the development of copepods and 
Pleurobrachia pileus are among the lowest reported in 
literature. These concentrations are comparable to 
those occurring locally in polluted water, indicating 
that in these waters cadmium may already have a 
detrimental influence on the ecosystem. 
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ABSTRACT 
The fate and effects of a single dose of 0.3 and 1.0 mg 5-nitrofuroic acid-2 
(NFA) per litre on a marine plankton community enclosed in large plastic 
bags (contents 1.5 m3) were studied. The plankton community was derived from 
North Sea coastal waters and the model ecosystems were anchored in the har-
bour of Den Helder, the Netherlands, where they were exposed to a natural 
light and temperature regime. Two experimental units were polluted with NFA, 
a third served as a control. 
During four weeks the development of the phytoplankton, zooplankton and bac-
teria was followed, as were a set of physico-chemical parameters including 
nutrients, light, temperature, etc.. 
The nitro-group was removed from the NFA within about one day of the addition 
of the compound to the model ecosystems, probably as a result of the exposure 
to light. The intact NFA inhibited the phytoplankton slightly; the remaining 
molecule produced no detectable effects in the system. The development of 
the enclosed community was very similar in the different bags. 
Key-words : controlled experimental ecosystem, mesocosm, marine pollution, 
effects, nitrofurans, phytoplankton, zooplankton, bacteria, 
degradation. 
A6-2 
1. INTRODUCTION 
There is an obvious need to evaluate the ecological effects of chemicals 
discharged into the aquatic environment. Many investigations have been initi-
ated in the fields of toxicology, biodegradability and bioaccumulation to 
characterize various pollution problems, one aim being the determination of 
standards. Siich studies are usually performed in the laboratory. The extra-
polation of the results of laboratory experiments to the field is however 
difficult, if not impossible. 
The primary objective of ecotoxicological research should be to predict 
effects of pollutants in the real world. The use of model ecosystems, which 
approximate natural ecosystems in a number of important characteristics, 
could provide a methodology to assess the value of laboratory tests. Many 
types of model ecosystems have been developed to this end in the past decade 
(De Koek and Kuiper 1981). 
In aquatic ecology and ecotoxicology an increasing number of investigators 
used large, flexible plastic enclosures, suspended in natural waters to 
study the relation between the plankton and its environment (Strickland and 
Terhune 1961, Menzel and Case 1977, Parsons 1978, Davies and Gamble 1979, 
Grice et al. 1980). The general aim of these investigations is to bridge 
the gap between laboratory and field conditions. Use of this approach with 
pollution and dumping problems could help to predict the influence of pol-
lutants in the field, and thus help the authorities in setting standards to 
minimize damage to the ecosystem in question (Hueck and Hueck-Van de Plas 
1976). 
For reasons of cost and ease of experimental handling, enclosures for eco-
toxicological application should be as small as possible (Kuiper et al. 
1981). In our laboratory plastic enclosures of modest size (contents 1.5 m3, 
depth 3 m) have been used to study the influence of stress by pollutants on 
North Sea coastal plankton communities (Kuiper 1977, 1981a,b). In 1978 a 
case study was performed to investigate the fate and effects of 5-nitro-
furoic acid-2 (NFA) in these marine model ecosystems, because the dumping of 
chemical waste containing nitrofurans into the North Sea was considered at 
that time. Nitrofurans are possible pollutants in the environment, because 
they are used as feed and food additives and as drugs. Some nitrofurans are 
suspected to be mutagenic and carcinogenic agents (Klemencic and Wang 1978, 
Cohen 1978). 
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2. MATERIALS AND METHODS 
The construction of the enclosures and the operation procedures have been 
described in detail by Kuiper (1977, 1981a). The experiment started on 
11 August 1978 (called day 0) and lasted four weeks. Seven bags were filled 
simultaneously with approximately 1.5 m3 of natural North Sea water, collect-
ed a few miles off-shore. The bags were anchored near a raft in the har-
bour of Den Helder, where they were exposed to a natural light and tempera-
ture regime. Four of the bags were used in an experiment with chlorinated 
phenols, which is reported elsewhere. 
On day 3 of the experiment a single dose of 0.3 and 1.0 mg NFA.l was added 
to two other bags, using the method described by Kuiper (1981a), the remain-
ing bag was treated in the same way, with the exception of the addition of a 
chemical; this system served as a control. 
Daily measurements of chlorophyll concentrations, primary production and 
total volume of suspended particles (size range 2.5-50.8 ym diameter) as 
measured with a Coulter counter, showed the development of the phytoplankton. 
Determinations of the particle size distributions in combination with micro-
scopic observations , gave information about the species distribution of the 
phytoplankton. Two or three times a week zooplankton samples were taken, in 
which the biomass and the distribution of species, subdivided in different 
length classes, were determined. The development of bacteria was monitored 
by epifluorescence counts. 
In addition to the phytoplankton, zooplankton and bacteria, a set of physico-
chemical parameters was measured, including nitrate, nitrite, ammonia, phos-
phate, silicate, pH, light, temperature, salinity and concentration of NFA 
in water and sediment. Kuiper (1981a) described the methods by which the 
| different parameters were measured. Concentrations of NFA were measured by 
'i High Pressure Liquid Chromatography (HPLC) techniques (Visscher 1980). 
I 
I 100 ml water samples were preserved with 1 ml of 89% phosphoric acid. 
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3. RESULTS 
3.1 NFA CONCENTRATIONS IN THE WATER 
On day 3 single doses of 0.3 and 1.0 mg NFA.l" were added to the bags. In . 
the bag to which 0.3 mg.l had been added, NFA could not be detected on 
day 4. In the.system with the higher concentration, 0.1 mg NFA.l" was found 
on day 4, and 0.07 mg.l on day 5. During the remainder of the experiment 
NFA could not be detected in the bags. 
3.2 DEVELOPMENT OF PHYTOPLANKTON AND NUTRIENTS 
At the start of the experiment the water had a salinity of 28°/„„ and was 
relatively clear (Secchi depth 3 m ) . The water temperature was 18°C (at the 
end of the experiment temperatures had decreased to 14°C). The phytoplank-
ton community at the start was formed by large diatoms, of which various 
Rhizosolenia species were the most important (R. setigera, R. robusta, 
R. delicatula, R. styliformis). R. delicatula and Thallassionema nitzschi-
oides started to increase in numbers, leading to a chlorophyll maximum 
(Figure 1) in the control on day 6. After this day chlorophyll concentra-
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Fig. 1 Concentrations of chlorophyll as a function of time in the control 
and the NFA-polluted bags (average of samples taken at depths of 
0.5 and 2.0 m ) . 
tions fell rapidly to a minimum on day 9, after which concentrations in-
creased again due to growth of Prorocentrum micans, P. scutellum, Nitzschia 
longissima and a few u-flagellates. A maximum was reached in the control on 
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day 17. At the end of the experiment the phytoplankton community was formed 
by u-flagellates and Prorocentrum spp.. Addition of 0.3 and 1.0 mg NFA.l 
resulted in significantly lower chlorophyll concentrations than in the con-
trol on day 5 (t-test, p < 0.1 and p < 0.02, respectively). Lower concen-
trations of suspended particles as measured with the Coulter counter also 
indicated a lower phytoplankton biomass after addition of 0.3 or 1.0 mg 
NFA.l" . On day 4 primary production was 16% lower than in the control after 
addition of 0.3 mg NFA.l" , and 19% lower after addition of 1.0 mg NFA.l 
(measured from 10-14 h at depths of 0.5 and 2.0 m) . From day 6 to day 9 
chlorophyll concentrations in NFA-treated bags were higher than in the con-
trol. After day 9 the development of the phytoplankton was the same in all 
bags. Addition of NFA did not change the species composition of the phyto-
plankton during the experiment. 
Figure 2 shows the concentration of various nutrients in the different bags 
August-September 1978 
• control 
addition^ \ 
0 10 20 30 0 
—*-time, days 
10 20 30 
—~ time,days 
Fig. 2 Concentrations of phosphate, silicate, ammonia, nitrate and nitrite 
in the control and the NFA-polluted bags (average of samples taken at 
depths of 0.5 and 2.0 m) . 
during the experiment. The first diatom bloom consumed all silicate, and 
nearly all phosphate and nitrogen-containing nutrients. Many phytoplankton 
species prefer ammonia to nitrate as nitrogen-containing compound. The pat-
terns of ammonia and nitrate decrease during the first phytoplankton bloom 
show that this was also the case in this experiment. The small inhibition 
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of the phytoplankton, directly after addition of NFA, resulted in a delayed 
consumption of phosphate, silicate and ammonium. The nitrite and nitrate 
concentrations were clearly higher after addition of NFA in comparison with 
the control. 
3.3 DEVELOPMENT OF THE ZOOPLANKTON 
At the start of the experiment the zooplankton community was formed by cope-
pods . Centropages hamatus was the main species, Temora longicornis, Acartia 
clausi, Pseudocalanus elongatus and Euterpina acutifrons were also found. 
Apart from these copepods a few Podon intermedius, larvae of worms and 
nauplii of barnacles were found. At the end of the experiment adult worms 
were found in the sediment on the bottom of the bags. All calanoid copepods 
mentioned developed to adults in the bags, although very low numbers of 
P. elongatus were found. E. acutifrons disappeared from all bags during the 
experiment. 
Figure 3 shows the development of nauplii, copepodites and adults of Temora 
longicornis in the different bags. Although the number of nauplii were 
somewhat lower at the end of the experiment, it is improbable that these 
differences were caused by NFA. The development of the other species was 
also similar in the different bags. 
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Fig. 3 Development of numbers of nauplii, copepodites and adults of Temora 
longicornis in the control and the NFA-polluted bags. 
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During the experiment the copepod communities reached very high densities 
(> 400 individuals.1~ (all stages) around day 18). Table I shows the total 
volumes filtered daily by the copepod community, as estimated from filtra-
tion rates for nauplii, copepodites and adults as given by Sonntag and 
Parsons (1979). After two weeks the contents of the bags were filtered more 
than once daily. 
Table I Total volume filtered daily by the zooplankton community in the bags. 
The average of all bags is shown, with between brackets one standard 
deviation (s.d.). 
Day 3 -3 -1 Volume m .m .d 
0 
5 
10 
14 
19 
24 
28 
0.03 (0.00) 
0.12 (0.04) 
0.31 (0.04) 
0.90 (0.13) 
3.02 (0.38) 
4.25 (0.60) 
3.99 (0.54) 
August - September 1978 
• control 
& 0.3 mg NFA.t'1 
a 1.0 mg NFA.C1 
' \ 
i addition *'* 
'time, day s 
Fig. 4 Numbers of bacteria in the water of the control and the NFA-polluted 
bags during the experiment. 
3.4 DEVELOPMENT OF BACTERIA 
Figure 4 shows the numbers of bacteria in the different bags; these reached 
a maximum simultaneously with maximum chlorophyll concentrations (day 6-7) 
and decreased to a minimum around day 14. Bacterial numbers increased again 
simultaneously with increasing phytoplankton activity. Unfortunately, samples 
from the control taken at day 6 and 7, were lost. The available data, however, 
do not suggest any influence of NFA on the development of the numbers of 
bacteria. 
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4. DISCUSSION AND CONCLUSIONS 
4.1 FATE OF NFA IN THE MODEL ECOSYSTEM 
A maximum of 10% of the added NFA could be detected in the first days after 
addition in the bag with the highest concentration. Later investigations in 
the laboratory showed that NFA was unstable under acid conditions. Phosphoric 
acid had been added to the samples, so that the low measured concentrations 
could be explained by decomposition of NFA in the samples. However, the 
laboratorium experiments also revealed that NFA was unstable in the light; 
photochemical decomposition had also been found by McCalla and Reuvers (1970). 
The development of the concentrations of nutrients in the model ecosystems 
gives evidence f or the fate of NFA in the bags. In all bags nutrient concen-
trations decreased due to consumption by the phytoplankton. Directly after 
the addition of NFA nitrite concentrations increased considerably, followed 
by an increase in nitrate concentrations. Assuming that the nitro-group of 
NFA is released and reacts with water to form nitrite, a maximum of 6.5 and 
-1 -1 
1.9 umol.l could be formed after addition of 1.0 and 0.3 mg NFA.l , 
respectively. In the bags 4.9 and 1.5 umol.l were measured, respectively, 
on day 6. If we add the difference in nitrate concentrations between NFA 
polluted bags and the control, a closed balance is found. The average 
increase of nitrate plus nitrite concentrations from day 4-19, in comparison 
with that in the control, has been given in Table II. It is clear that 
directly after addition NFA loses its nitro-group. No information was ob-
tained on the remaining molecule (probably furoic acid). In laboratory 
experiments rapid biodégradation of this compound has been found. Several 
Table II The fate of NFA in the model systems. 
Added NFA NO2 present NO2 measured Average increase of (NO2 +NÛ3 ) 
in NFA on day 6 concentrations in comparison with 
_. _. the control 
mg.l umol.l"! umol.l (umol.l"', between brackets 1 s.d.) 
0.3 1.9 1.5 2.60 (1.05) 
1.0 6.5 4.9 5.37 (1.18) 
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very sunny days directly followed addition of NFA (global radiation 1800-
2400 J.cm2.d~ ). Available information suggests that the decomposition of 
NFA in the bags was photochemical. 
4.2 EFFECTS OF NFA IN THE MODEL ECOSYSTEM 
After addition of 0.3 or 1.0 mg NFA.l no effects could be detected on the 
zooplankton or the bacteria in the bags. The lower primary production on 
day 4 resulted in lower phytoplankton biomass, measured as chlorophyll and 
total particle volume on day 5. After day 5 the phytoplankton development 
was slightly delayed in the NFA-treated bags as compared with the control. 
It appeared that the intact NFA inhibited the phytoplankton slightly. 
McCalla and Reuvers (1970) showed that 100 mg NFA.l killed the alga 
Euglena gracilis; other nitrofurans caused "bleaching" of chloroplasts, but 
NFA did not show this effect. Cohen (1978) has reviewed the toxicity of many 
nitrofurans. He reported that no effects of NFA are known. He also stated 
that nitrofurans lose their antibacterial activity or their mutagenic or 
carcinogenic properties after removal of the nitro-group. The results of the 
present model ecosystem experiment confirm these data: NFA rapidly loses its 
nitro-group after exposure to the light; from the remaining compound no bio-
logical effects could be detected. 
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FATE AND EFFECTS OF 3,4-DICHLOROANILINE (DCA) IN MARINE PLANKTON COMMUNITIES 
IN EXPERIMENTAL ENCLOSURES 
1) 2) 
Jan Kuiper and Arnbjörn O. Hanstveit 
Laboratory for applied marine research MT-TNO, P.O. Box 57, Den Helder, 
The Netherlands 
2) 
Central Laboratory MT-TNO, P.O. Box 217, Delft, The Netherlands 
Summary 
The fate and effects of single doses of 3,4-dichloroaniline (DCA) on North 
Sea coastal plankton communities enclosed by large plastic bags (contents 
1.5 m 3) were studied in two experiments lasting five and six weeks, respec-
tively. The biodégradation of DCA was also studied in laboratory experiments, 
which were carried out simultaneously, using water from the enclosed model 
ecosystems. 
DCA was not degraded in the laboratory tests and probably also not in the 
enclosed plankton communities, although concentrations in the water decreased 
during the experiments. This decrease appeared to be partly caused by dif-
fusion of DCA through the walls of the enclosures. 
_1 
After addition of single doses of 2, 10 and 25 (Jg DCA.l no effects on the 
enclosed plankton community could be detected. Addition of 0.1 mg DCA.l 
had a clear influence on the species composition and the biomass development 
of the phytoplankton, changed the relative species composition of the zoo-
plankton and resulted in lower numbers of bacteria. In addition to these 
effects 1 mg DCA.l limited the phytoplankton growth and resulted in mor-
tality and inhibition of growth of the copepods. 
KEY WORDS: experimental ecosystem, biodégradation, pollution effects, 
dichloroaniline, phytoplankton, zooplankton, bacteria. 
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INTRODUCTION 
The Oslo Convention for the prevention of marine pollution from dumping of 
wastes, which was concluded in 1972, has led to the development of tests to 
measure the biological properties (toxicity, persistence and bioaccumulation 
potential) of such wastes. (Hueck-van der Plas, 1981; TNO, 1980). 
The study of the ecotoxicological properties of wastes and chemicals is gen-
erally carried out in the laboratory. There is, however, little experimental 
basis for extrapolating the results of laboratory tests to natural ecosys-
tems. 
Experiments with multi-species systems which more closely simulate natural 
ecosystems than laboratory systems, might offer a more representative method 
for assessing the environmental effects of wastes and chemicals (OECD, 1981) 
In aquatic ecology an increasing number of investigators are using large, 
flexible plastic enclosures suspended in natural waters, to study the plank-
ton and its environment with the general aim of bridging the gap between 
laboratory and field investigations (Menzel and Steele, 1978; Davies and 
Gamble, 1979; Grice and Reeve, 1982). 
In 1977-1978 selected organic chemicals were added to North Sea plankton 
communities enclosed by large plastic bags. These bags were exposed under 
semi-natural conditions in order to investigate the fate of the chemicals and 
their effects on the enclosed system. A second objective was the direct com-
parison on the biodegradability of these compounds in laboratory tests and in 
the semi-natural environment of the enclosed plankton communities. 
In this exercise, 3,4-dichloroaniline (DCA), 2,4-dichlorophenol (DCP), 
4-chlorophenol (4CP) and phenol were used as model compounds. This choice was 
based on differences in the biodegradability of these compounds found in 
laboratory tests, DCA being the most stable. In this report the results of 
two experiments in which DCA was added to the bags will be presented. Results 
of the other compounds will be presented elsewhere (Kuiper and Hanstveit, 
1982). 
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DCA is an interesting pollutant in the field because it is released by hydro-
lytic reactions from methylcarbamate, carbanilate and acylanilide herbicides 
and fungicides used in agriculture, propanil and diuron being the most impor-
tant (Still and Herrett, 1976; Chow and Murphy, 1975; Viswanathan et al., 
1978). Chlorinated anilines are also found in the waste water of dye manu-
facturing plants (Games and Hites, 1977). 
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MATERIALS AND METHODS 
The construction of the bags (depth 3 m, contents 1.5 m3) and operation pro-
cedures used were described by Kuiper (1977, 1981a,b). In the first experi-
ment, which started on 19 August 1977 (called day 0), DCA was added on day 3 
in inital concentrations of 2, 10 and 25 M8 DCA.l . These concentrations 
were chosen because a NOEC (No Observed Effect Concentration) of 5.6 |Jg.l 
was measured in a laboratory test with the reproduction of Daphnia magna as a 
criterion (Adenia and Vink, 1981). 10 |Jg DCA.l was added to duplicate bags, 
2 and 25 Mg.l to single bags, and one bag served as a control. The experi-
ment lasted 35 days. The second experiment started on 19 May 1978 and lasted 
42 days. DCA was added to two bags on day 5 in initial concentrations of 0.1 
and 1.0 mg.l respectively. Two bags served as controls. DCA (Fluka) was 
purified by recristallization before use. 
At the start of each experiment the bags were filled simultaneously with ap-
proximately 1.5 m3 natural sea water collected a few miles off shore. The 
bags were anchored on a sheltered location in the harbour of Den Helder, The 
Netherlands. 
During the experiment the development of the phytoplankton, zooplankton and 
bacteria was measured, as well as a set of physico-chemical parameters in-
cluding nutrients (phosphate, ammonia, nitrate, nitrite, silicate), pH, 
light, temperature and concentrations of DCA in the water and sediment. To 
follow the development of phytoplankton, chlorophyll concentrations were 
measured as well as the primary production, particle volume distribution and 
species composition. Zooplankton organisms were counted, identified and 
measured by the procedures described by Fransz (1976). Nauplii and copepodi-
tes of each species were divided into at least six size classes and the 
adults separated by sex. Subsamples were examined with a microscope until at 
least 150 organisms had been counted. Changes in the population densities of 
the various stages of the copepod development - copepods always form the 
major part of zooplankton biomass in the systems - were used to estimate 
development and mortality rates of selected species using multiple regression 
analysis of abundance of size classes (stages) at the various sampling data 
(Fransz, 1976). The generation time is then the reciprocal of the development 
rate from nauplius to adult. Production of organic matter by copepods was 
estimated by multiplying the means between zero and the upper limit of the 
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95% confidence interval of development rates by the mean density and the 
weight increment for each time interval between sampling dates (Fransz 1976). 
Dry weights of the copepods were derived from regression of dry weight on 
céphalothorax length given by Robertson (1968) and Nassogne (1972). 
From the daily copepod production and their biomass estimates, the production 
per unit biomass (P/B ratio) was calculated. 
Zooplankton samples were collected at least twice a week, taking integrated 
samples of 15.7 1 from nearly the whole water column (0-2.5 m). The total 
volume filtered per day by the copepod community was estimated from filtra-
tion rates per development class given by Sonntag and Parsons (1979). All 
other samples were taken daily, as a rule at 9 a.m. at depths of 0.5 and 
2.0 m. 
The various parameters were measured using the methods described by Kuiper 
(1981a,b), with the following exceptions. The incubation period for the car-
bon assimilation measurements was shortened from 6 to 4 hours (10.00 - 14.00 
h, Savidge 1978). The extraction of chlorophyll was improved by using a Braun 
MSK cell homogenisator (Derenbach, 1969). During the first experiment numbers 
of colony forming bacteria were followed by plate counts (medium 2216 E, 
Oppenheimer and Zobell, 1952), during the second experiment the total number 
of bacteria was followed by epifluorescence counts (Daley and Hobbie, 1975). 
In the second experiment the concentration of ATP was determined as described 
by TN0 (1980). 
The concentrations of DCA during the first experiment were measured by gas 
chromatography (TN0, 1980). During the second experiment high pressure liquid 
chromatography (HPLC) was used. Water samples were preserved by addition of 
85% phosphoric acid to a final concentration of 1%. Before the HPLC analysis 
the sample was centrifuged. Methanol/H20/H3P04 (65:35:1) was used as carrier 
fluid; injection was performed with a 300 |jl injection loop and a Valco in-
jection valve. A 250 x 5 mm stainless steel column filled with 4 g Lichrosorb 
RP 18, 10 pm (Merck), a Tracor 950 pump giving a flow rate of 1.5 ml.min" , 
and as detector, a Du Pont 837 UV spectrophotometer (\ = 243 nm) was used. 
The detection limit was 0.05 mg.l 
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A die away test, described by TNO (1980), was used for the study of the bio-
degradation in the laboratory. 
Water was collected from the bags of the second experiment on day 5 and 32 
and brought to the laboratory the same day, sets of six 300 ml conical flasks 
of polycarbonate (Nalgene) for the first series and of glass for the second 
series, contained 150 ml of natural seawater.To each set of flasks 0.1 mg.l 
or 1 mg.l" of DCA was added. To three of the flasks 0.375 pCi, 4.5 mCi/mmol 
of [14C]-DCA in 1 N H2S04 solution (Radiochemical Research Centre, Amersham) 
was added, and one of these flasks was sterilized by the addition of 1.5 ml 
of 10% solution of HgCl2 to serve as blank. Two flasks without added [14C] 
were used for the measurement of the ATP-concentration, using the method 
described above. 
The flasks were incubated in a New Brunswick Psychrotherm shaking apparatus 
at about 12°C (the temperature of the water at the start of the second bag 
experiment) in the dark. 
Samples of five ml were taken, acidified with 0.1 ml 2 N H2S04, and flushed 
with air to remove the 1 4C0 2. One ml of the acidified sample was added to 15 
ml of Lumagel scintillation liquid (Lumac B.V.) and counted in a Packard 
TriCarb. Model 2650 scintillation counter with automatic background and 
quench correction. 
In order to measure the possible assimilation of [14C]-DCA in the bacteria, 
the rest of the acidified sample was filtered through membrane filters 
(Sartorius 0.2 (J™ pore diameter) which were washed with 5 ml filtered sea 
water and added to 15 ml Lumagel and counted as described above. 
To study possible diffusion of DCA through the plastic material of the bags, 
a laboratory experiment was performed as follows: 
Glass tubes with a hole of 1 cm2, which was covered by the plastic bag 
material, were filled with 28.3 ml of sea water. In this way the surface to 
volume ratio was the same as in the field experiment. 1 mg.l unlabelled 
DCA and 0.85 |jCi[14C]-DCA was added, the content was sterilized by the addi-
tion of HgCl., and the tube was placed in 265 ml sea water in a conical 
flask. The flask was incubated on the shaking-machine at 15°C, and at 
intervals samples were taken and counted as described above. At the end of 
the experiment the activity in the plastic sample was determined. 
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RESULTS 
CONCENTRATION OF DCA IN THE WATER 
Fig. 1 shows the concentration of DCA in the water in the bags during both 
experiments. 
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Fig. 1. Concentrations of DCA in the water of the bags during both experi-
ments. * and * DCA in sediment during 2nd experiment, after addition 
of 1.0 and 0.1 mg DCA.l-1, respectively. 
In the first experiment a gradual decrease in the concentration was observed 
after addition of 10 and 25 (Jg.l to about half the initial concentration 
after 4 weeks. In the second experiment this gradual decrease was also obser-
ved in the bag in which 0.1 mg.l DCA was added. In the bag initially con-
taining 1 mg.l , a relatively rapid decrease of the concentration was ob-
served during the first couple of days. After 21 days the concentration re-
mained constant at about 0.5 mg.l . Analysis of the DCA concentration in 
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sludge collected in the bags during the experiment did not yield concentra-
tions significantly different from those in the water. No DCA was detected in 
samples of the bag material at the end of the experiment. 
In the parallel laboratory degradation experiments which were performed in 
polycarbonate flasks, a decrease in the DCA concentration was found, identi-
cal under both sterile and non-sterile conditions as demonstrated for 
1 rag.l in Fig. 2. On the other hand no such loss was observed in glass 
flasks. This indicates that biological degradation did not occur in these 
laboratory experiments. 
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Fig. 2. DCA concentrations in a laboratory die-away test in polycarbonate 
(0, 0) and in glass flasks (A). In the polycarbonate flasks the con-
centrations in sterile (0) and non-sterile (0) flasks are presented. 
The amount of DCA absorbed to the biomass remained nearly constant during the 
test at about 2-5% of the initial concentration. 
The laboratory diffusion experiments showed diffusion of DCA through the 
plastic of the bags. In 64 days 30% of the DCA with an initial concentration 
of 1.0 mg.l in the water phase had diffused through the plastic material, 
only about 1% was absorbed to the material at the end of the experiments. At 
the end the concentration in the water phase inside was about 0.6 mg.l 
DEVELOPMENT OF THE PHYTOPLANKTON DURING THE FIRST EXPERIMENT 
The water that was used to fill the bags had a salinity of 30 °/00 and was 
relatively clear (Secchi disc visibility 2.0 m). Water temperatures decreased 
during the experiment from 18-14°C. The phytoplankton community at the start 
of the first experiment consisted of diatoms (of which Skeletonema costatum 
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and Leptocylindrus danicus dominated), dinoflagellates (Prorocentrum micans, 
Ceratium fusus) and various species of |j-f lagellates (o.a. Phaeocystis 
poucheti). The developeraent of phytoplankton biomass as measured by the 
chlorophyll concentrations is shown in Fig. 3. After filling the bags, the 
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Fig. 3. Chlorophyll concentrations (average of samples taken at 0.5 and 2.0 m 
depth) in the different bags during the first experiment. 
chlorophyll concentrations increased to a maximum on day 5. This increase 
coincided with an increase in populations of Leptocylindrus danicus, Phaeo-
cystis poucheti and other |J-flagellates. From day 5-10 chlorophyll concentra-
tions decreased. After day 10 a slight increase, due to growth of (J-flagel-
lates, occurred. At the end of the experiment the phytoplankton community 
consisted of y-flagellates and a few Nitzschia longissima. 
The addition of 2-25 (Jg.l DCA did not significantly influenced the develop-
ment of the biomass of the phytoplankton or the species composition. 
The concentration of particulate matter was measured with the Coulter counter 
(particle diameter range 2.5-50 pm) in the different bags; the pattern was 
the same as that of the chlorophyll concentrations. The distribution of the 
suspended particles over the different size categories corresponded to that 
expected from microscopical observations. 
The carbon assimilation was measured at depths of 0.5 and 2.0 m. The patterns 
of the carbon assimilation corresponded generally to those shown by chloro-
phyll and particulate matter. To exclude the influence of biomass, the carbon 
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assimilation per unit chlorophyll was calculated. This relative carbon assi-
milation is shown in Fig. 4. In this experiment depth (i.e. light) appeared 
rel. carbon assimilation 
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Fig. 4. The relative carbon assimilation at depths of 0.5 (a) and 2.0 m (b) 
in the model ecosystems at different DCA concentrations during the 
first experiment. 
to be the most important factor regulating the relative carbon assimilation 
of the phytoplankton community. 
Fig. 5 shows the concentrations of selected nutrients as a function of time. 
Because no significant differences were found between the different bags, the 
results of all bags were averaged. Apparently the first phytoplankton peak 
consumed the greater part of silicate- and nitrogen containing nutrients. 
Phosphate concentrations decreased from 1.4 to 0.5 pmol.l . It seems proba-
ble that the limiting factor of the first phytoplankton bloom must be looked 
for among silicate and the nitrogen containing compounds (v. Bennekora et al. , 
1975). During the remainder of the experiment nutrient concentrations re-
mained low. Only ammonia and nitrite concentrations increased again after day 
20, indicating that another factor such as zooplankton grazing or another 
nutrient limited phytoplankton biomass after day 20. 
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Fig. 5. Concentrations of selected nutrients in the model ecosystems during 
the first experiment. For each sampling day the average value of all 
samples is presented. 
DEVELOPMENT OF THE PHYTOPLANKTON DURING THE SECOND EXPERIMENT 
The water at the start of the experiment was turbid (Secchi disc visibility 
0.8 m) and had a salinity of 26 /oo. The temperature of the water increased 
during the first 2 weeks from 12 to 17°C, and then decreased to 15°C towards 
the end of the experiment. In the week before the experiment started chloro-
phyll concentrations in the tidal inlet to the Wadden Sea, from which the 
water to fill the enclosures was taken, had decreased from approximately 50 
-3 -3 
mg.m to 15 mg.ra . This decrease continued in the bags (Fig. 6) and from 
day 5 when the DCA was added, until day 10, extremely low chlorophyll concen-
_3 
trations were measured (0.01-0.05 mg.m ) . The phytoplankton bloom preceding 
this minimum was generated by p-flagellates (partly P. poucheti) whilst dia-
toms (Nitzschia longissima, Leptocylindrus danicus, Skeletonema costatum, 
Nelosira sulcata, Rhizosolenia setigera) were present in small numbers. The 
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Fig. 6. Chlorophyll concentrations (average samples 0.5 and 2.0 m depth) in 
the model ecosystems during the second experiment. 
presence of a few Scenedesmus sp. showed that part of the water came from 
fresh water sources. 
After day 10 chlorophyll concentrations in the controls increased due to 
growth of |j-flagellates, again partly P. poucheti, and Skeletonema costatum 
and a maximum chlorophyll concentration was reached around day 15. In the 
meantime other |J-flagellates had started to increase their numbers in the 
controls and from day 18 chlorophyll increased to a maximum of approximately 
_3 
30 mg.m around day 40. 
In the system to which 0.1 mg DCA-l had been added, the increase of chlo-
rophyll after day 10 started some days later than in the controls. The spe-
cies generating this growth were mainly |J-flagellates and also N. longissima, 
reaching a maximum 3-4 days later than in the controls. During the remainder 
of the experiment the development of chlorophyll concentrations in this en-
closure was different to that in the controls; after day 30 chlorophyll lev-
els were lower than in the controls, although by that time the species com-
position was the same. 
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In the system to which 1 mg DCA.l had been added the maximum chlorophyll 
concentration was reached 2-3 days later than in the controls, and was much 
higher. 
The species generating this growth peak around day 18 was mainly JV. longis-
sima; in addition L. danicus and a few |J-flagellates were found. After day 18 
chlorophyll concentrations decreased, a new maximum was found on day 28. 
After day 28 chlorophyll values remained very low as compared with the con-
trols. The species forming the phytoplankton community in the last weeks of 
the experiment in this DCA contaminated system were large flagellates (cf. 
Rhodomonas spp.); different from the small |J-flagellates dominating the con-
trols. 
The concentration of particulate matter in the different bags (Coulter coun-
ter, size range 2.5-50 Mm) showed in general the same pattern as found with 
chlorophyll concentrations. Comparison of the development of chlorophyll and 
suspended particulate matter after addition of 1 mg DCA.l revealed that the 
peak around day 18 did not differ in phytoplankton biomass from that found in 
the controls around day 15. The amount of chlorophyll per unit particulate 
matter was higher than in the controls. This difference was probably caused 
by the different species generating this peak (|j-flagellates and S. costatvm 
in the controls, and N. longissima in the contaminated system). 
The differences in the species composition between the bags were clearly 
shown by the particle size distributions. Fig. 7 shows as an example the 
particle distribution in the systems on day 40. After addition of 1 mg 
DCA.l larger particles were more important than in the controls. 
The pattern of the primary productivity measurements again followed the pat-
tern of phytoplankton biomass. Fig. 8 shows the relative carbon assimilation 
at a depth of 0.5 m in the different bags. The relative carbon assimilation 
is lower after addition of 0.1 mg DCA.l from day 10-26, and after addition 
of 1 mg.l from day 10-21. This was also found at a depth of 2.0 m. 
The ATP-concentrations in the bags during the second experiment followed a 
pattern roughly similar to that shown by chlorophyll, but the variations were 
much lower. There was a slight difference between the ATP-concentrations in 
the bags with 0.1 and 1.0 mg.l DCA. In the bags containing DCA a delay of 
the increase beginning on day 10 of biomass as compared to the control bags 
was found. This also compares with the effects on the chlorophyll concentra-
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Fig. 7. Distribution of the phytoplankton over various size categories in 
the different bags on day 40 of the second experiment. 
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Fig. 8. The relative carbon assimilation at a depth of 0.5 m in the controls 
and DCA contaminated model ecosystems during the second experiment. 
tions and on the particle counts. The ratio chlorophyll/ATP was also calcula-
ted and is presented in Fig. 9. In this figure large differences between the 
controls and the contaminated systems are apparent. 
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Fig. 9. Development of the chlorophyll/ATP ratio in the different model eco-
systems during the second experiment. 
Fig. 10 shows the concentrations of some selected nutrients during the ex-
periment. The low initial concentrations of nitrate decreased directly after 
filling the bags. 
Mineralization of organic matter caused the ammonia concentrations to in-
crease. The growth peak of diatoms from day 10-17 resulted in a decrease of 
ammonia and silicate concentrations, until silicate probably limited diatom 
growth, and flagellates became dominant in the bags. The delay of the phyto-
plankton growth in the systems to which DCA was added, is clearly shown by a 
delay in the consumption of silicate and ammonia from day 10-15. Although 
phosphate concentrations were very low from day 10-17 (< 0.1 (Jraol.l ), 
phosphate apparently does not limit phytoplankton growth. 
DEVELOPMENT OF THE ZOOPLANKTON DURING THE FIRST EXPERIMENT 
Calanoid copepods dominated the zooplankton at the start of the experiment, 
Acartia clausi being the most important species. In addition to calanoid 
copepods, Euterpina acutifrons, Podon intennedius, nauplii of barnacles and 
larvae of worms were found in very low numbers. The species A. clausi, Cen-
tropages ha.ma.tus, Pseudocalanus elongatus and Temora longicornis developed 
from egg to adult in the enclosures. Nauplii of these species reached maximum 
numbers in different periods of the experiment. At the end of the experiment 
T. longicornis had become the dominant species in all enclosures. The devel-
opment of T. longicornis is shown in Fig. 11. The addition of DCA did not 
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Fig. 10. Concentrations of selected nutrients in the different model eco-
systems during the second experiment. 
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Fig. 11. Development of Temora longicornis in the different bags during the 
first experiment. 
result in significant differences between the systems. The generation times, 
averaged for all bags, found for the different copepod species were: 40 days 
for T. longicornis, 33 days for A. clausi, 30 days for C. hamatus and 41 days 
for P. elongatus. These generation times are similar to those found in the 
open sea (cf. Raymont, 1976; Parsons et al., 1977). 
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In Fig. 12 some parameters characterizing the total calanoid copepod commu-
nity are presented. Fig. 12a shows the development of the total biomass. 
After filling the bags, copepod biomass increased more than ten-fold during 
the first two weeks, thereafter copepod biomass decreased and remained at a 
-3 
level of 200-300 mg dry weight.m . No differences were found which can be 
ascribed to the addition of DCA. Since copepods formed the major part'of the 
zooplankton, secondary production can be estimated by the production of these 
copepods. This secondary production is shown in Fig. 12b. Due to the high 
variance of the development rates on which the production estimates are 
based, the differences between the bags are not significant. To eliminate the 
influence of biomass on the total production, the production per unit of bio-
mass was also computed. This P/B ratio decreased from approximately .40 at 
the start of the experiment to .05 at the end of the experiment. 
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Fig. 12. Development of biomass (dry weight, 12a) and production (12b) of the 
calanoid copepods in the different bags during the first experiment. 
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DEVELOPMENT OF THE ZOOPLANKTON DURING THE SECOND EXPERIMENT 
At the start of the experiment T. longicornis dominated the zooplankton, 
followed by C. hamatus, A. clausi and Paracalanus parvus. Fig. 13 shows the 
development of the total biomass of these copepods in the bags. After addi-
tion of 0.1 mg DCA.l the biomass developed as in the controls. Addition of 
1 mg DCA.l resulted in a high mortality of all species during the first 
weeks. After this period numbers remained very low, but did not decrease 
further. The development of the copepods appeared to be inhibited. 
1200 
800 
Mgy-June1978 
o control 
• 
+ 0.1 mg DCA I" 
a 1.0 ., ,. „ 
30 U0 
Urns, days 
Fig. 13. Development of biomass of calanoid copepods (dry weight) in the 
different bags during the second experiment. 
Fig. 14 shows the development of T. longicornis in the different bags. 
In the controls nauplii, partly produced in the bags, developed to adults. 
This was also found for the other species mentioned, but T. longicornus re-
mained the main species throughout the experiment. Addition of 0.1 mg DCA.l 
resulted in small differences with the controls. Just after addition of 0.1 
mg.l numbers of T. longicornis, A. clausi and C. hamatus were lower than in 
the controls. Also at the end of the experiment small differences were obser-
ved, but it is not certain if these differences can be attributed to the DCA. 
Addition of 1 mg DCA.l resulted in a high mortality of T. longicornis and 
also of the other copepod species (adults of C. hamatus and A. clausi were 
absent from this enclosure after 4 weeks). 
In both contaminated enclosures the relative importance of T. longicornis 
increased, because the mortality of the other species was higher. In the 
controls an average of 67% of total copepod biomass consisted of T. longicor-
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Fig. 14. Development of Temora longicornis in the different bags during the 
second experiment. 
nis after day 5, after the addition of 0.1 mg DCA.l"1 76%, and after addition 
of 1 mg.l 85%. These observations show that DCA also changed the relative 
species composition of the copepod community. 
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Fig. 15 shows the secondary production and the P/B ratios in the different 
enclosures in the second experiment. In the controls and with 0.1 mg DCA.l 
-3 -1 
added, secondary production was high (> 50 mg.m ..d ) during a considerable 
period (day 8-25), resulting in a very high standing stock of copepods 
-3 
(> 1000 mg.m , Fig. 13). The development of the P/B ratios in the controls 
show a similar pattern to that in the first experiment in all enclosures. As 
could be expected from the biomass development, secondary production was 
strongly inhibited by the addition of 1 mg DCA.l . However, the P/B ratio 
appeared to show a recovery after day 25. 
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Fig. 15. Development of production (15a, dry weight) and P/B ratios (15b) of 
the calanoid copepods in the different bags during the second ex-
periment. 
During the period with high population densities and maximum production (day 
10-33), the contents of the enclosures were estimated to be filtered more 
than once a day. 
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DEVELOPMENT OF THE BACTERIA 
During the first weeks of the first experiment the number of colony forming 
_i 
bacteria in the different bags increased from 0.8 x 104 to 5 x 104.ml 
Numbers stayed at this level throughout the experiment. Differences between 
the bags due to the addition of DCA could not be detected. Fig. 16 shows the 
number of bacteria counted by epifluorescence microscopy during the second 
experiment. The large amount of detritus and the decreasing phytoplankton 
peak at the start of the experiment offered a suitable substrate, and numbers 
of bacteria increased during the first days. During this period numbers of 
bacteria were lower in the contaminated enclosures. A clear dose-effect 
relation was not found. 
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Fig. 16. Development of the number of bacteria in the model ecosystems during 
the second experiment. 
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DISCUSSION 
FATE OF THE DCA 
The course of the decrease in DCA concentration in the waterphase in the bags 
did not indicate the occurrence of biodégradation. 
No biodégradation was observed in the laboratory tests with water from the 
bags. In these tests the results in sterilized controls were identical to 
those with the test samples, even in the plastic flasks. This last observa-
tion also indicates that no primary biodégradation occurred, as then differ-
ent absorption rates should have been observed in the sterile and non-sterile 
flasks. 
The diffusion of DCA through the plastic materials, as demonstrated in 
sterile laboratory systems gave results which could explain the decrease in 
concentration in the bag-experiments, although the fact that the concentra-
-l _i 
tion of DCA remained constant at 0.5 mg.l when 1 mg.l was added to the 
bag remains unexplained as the laboratory diffusion experiments indicate that 
a constant decrease in the concentration might be expected. Janicke and Hilge 
(1980) reported that in performing a "confirmatory test" with active sludge 
the decrease in the concentration of DCA could for the greater part be ex-
plained by absorption of DCA to plastic parts of the test apparatus. 
The results obtained in the experiments confirm the well known persistency of 
DCA (Still and Herrett, 1976; El-Dib and Aly, 1976; Gledhill, 1975; Janicke 
and Hilge, 1980). 
In soil and pure cultures an extensive metabolism has sometimes been observed 
(Still and Herrett, 1976; Bordeleau and Bartha, 1972; Corke et al., 1979; 
Prasad, 1970). By enrichment and co-metabolism it has been possible to 
isolate a bacterium which is able to degrade DCA completely (You and Bartha, 
1982). The slow mineralization of DCA cannot be entirely explained by the 
inherent recalcitrance of the compound. It has been suggested that polyme-
rization and binding reactions lead to low availability of the com-
pound (You and Bartha, 1982), but also that DCA is a poor inducer for anilide 
oxidase (Reber et al., 1979). 
Contrary to what was to be expected from the literature data, it could not be 
shown in the experiments recorded here, that binding of DCA to the biomass in 
the water plays an important role in the elimination of DCA from the water 
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column. Analysis of collected sludge did not give concentrations of DCA sig-
nificantly higher than those in the water, although the possibility of a 
failed extraction can not be excluded (You and Bartha, 1982). The determina-
tion of the absorbtion of 14C-labelled DCA in the biomass in the laboratory 
experiments showed a relatively minor part of the total DCA absorbed to the 
biomass. 
EFFECTS OF DCA ON THE ENCLOSED ECOSYSTEM 
The results of both experiments recorded here confirm the earlier finding 
that plankton communities in different bags develop in the same way, if they 
are exposed to approximately the same environmental conditions (Takahashi et 
al., 1975; Kuiper, 1977, 1981a,b, 1982). These results allow larger differ-
ences between the systems to be attributed to the addition of DCA. 
After addition of 2, 10 or 25 |Jg DCA.l no effects could be found on the 
enclosed ecosystem. Addition of 0.1 mg DCA.l resulted in a slight inhibi-
tion of the phytoplankton and in lower numbers of bacteria than in the con-
trols. Addition of 1 mg.l resulted in a high mortality of the copepod 
populations, lower numbers of bacteria, and especially at the end of the 
experiment in low phytoplankton concentrations. The species composition of 
the phytoplankton and zooplankton was changed after addition of 0.1 and 1 mg 
DCA.l . Clear effects were found on the chlorophyll/ATP ratio. The phyto-
plankton in the contaminated systems shows a chlorophyll a/ATP ratio maximum 
on day 17, while the controls show an increasing ratio after day 21. 
The use of the chlorophyll/ATP ratio as an indicator of the physiological 
state of the phytoplankton was reviewed by Karl (1980). Generally high ratios 
(> 3) are an indication of a nutrient limitation, although it is difficult to 
identify the exact nature of this limitation. In this experiment the phyto-
plankton growth in the controls after day 21 is probably nutrient limited as 
can also be expected from the low nutrient concentration in this period 
(Thomas and Dodson, 1968; Eppley and Thomas, 1969; van Bennekom et al, 1975). 
Data on the toxicity of DCA for aquatic organisms are scarce (Adema and Vink, 
1981). Janicke and Hilge (1980) summarize results of toxicity tests with 
bacteria (Pseudomonas putida), algae (Scenedesmus quadricauda) and a protozoa 
(Uronema parduczi) with a number of chlorinated anilines. The no-observed 
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effect concentration (NOEC) for DCA was 3.4 mg.l for the alga, 1.6 mg.l 
for the protozoa, while the bacterium was much less sensitive than the other 
species (NOEC = 19 mg.l ). McLeese et al. (1979), working with 2,6-dichloro-
aniline and 3,5-dichloroaniline, found LC50 values (96 hours) of 3.6 and 2.5 
mg.l , respectively, using Crangon septemspinosa. Caldwell et al. (1979) 
studied the effects of propanil, a herbicide from which DCA is formed by 
hydrolysis, on Cancer magister, and found that 0.6 mg.l resulted in a 
decrease of the survival of the zoeae. These values are in accordance with 
LC50 values of DCA found in our laboratory with daphnids, plaice and Chaeto-
gammarus, which ranged from 0.1-1 mg DCA.l . Some other test animals were 
less sensitive (Adema and Vink, 1981). The EC50 values obtained with three 
different algae ranged from 0.45-3.2 mg DCA.l , the lowest value attributed 
to the marine algae Phaeodactylum tricornutum (Adema and Vink, 1981). How-
ever, the no-observed effect concentration (NOEC) for the inhibition of the 
reproduction of Daphnia magna was 5.6 (Jg DCA.l (Adema, 1978), and Hooftman 
and Vink (1980) found a NOEC of 3 M8-1 with reproduction of the marine 
polychaete Ophrgotrocha diadema as a criterion. These no-effect levels are a 
factor 18-1000 lower than the LC50 (21 d) for the same animals, and also 
lower than the lowest concentration of DCA of which effects were found in the 
enclosed plankton communities. 
The extreme effects on the reproduction in the laboratory tests with animals, 
could not be found in the field test. 
In interpreting these results, it must be kept in mind that the extremely low 
NOEC values were obtained in chronic tests where the DCA-concentration was 
kept constant by refreshing the medium. This can lead to a much higher dose 
per organism than in a single addition situation as in these enclosure ex-
periments, especially when the substance such as DCA has a tendency to bind 
to dissolved organic matter present in the test system (Still and Herrett, 
1976) or to undergo polymerization reactions itself (You and Bartha, 1982). 
Comparing the effects obtained with marine algae in the laboratory and with 
phytoplankton in the field test, the laboratory test is less sensitive. 
INTERACTIONS BETWEEN PHYTOPLANKTON AND ZOOPLANKTON 
During the second week of the second experiment estimated secondary produc-
-3 -1 
tion in the controls (20-35 mg C m .d , using a conversion factor of 0.45 
to convert dry weight of copepods into carbon, Nassogne, 1972) was of the 
same order of magnitude as or even exceded, the daily primary production 
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during this period (estimated as twice the carbon assimilation at a depth of 
0.5 m from 10-14 h, by assuming that carbon assimilation increased linearly 
with light intensity and that daily production at a single depth is three 
times the production at that depth measured from 10-14 h (Kuiper et al., 
1982)). Later in the experiment secondary production declined from 50% to 4% 
of daily primary production, indicating that the copepods did not grow well 
on the phytoplankton present at the end of the experiment. 
During the first experiment the daily secondary production declined from 
around 20% of estimated daily primary production on about day 10, to 5% at 
the end of the experiment. The declining P/B ratios of the copepods during 
both experiments also point in the direction of a declining efficiency of the 
conversion of phytoplankton into copepod biomass. Apart from the fact that 
larger development stages have lowe P/B ratios, this lower efficiency is 
probably caused by the quality of the phytoplankton present as food. At the 
end of the experiments the phytoplankton community in the controls is formed 
by p-flagellates. In the system to which 1 mg DCA.l was added larger 
flagellates dominate the phytoplankton at the end, and in this enclosure P/B 
ratios were higher than in the controls during the last week of the experi-
ment. 
The observed succession of the phytoplankton towards |j-flagellates in the 
controls is, however, probably largely caused by selective grazing of the 
copepods. Estimated filtration rates indicated that the contents of the bags 
were filtered 1-3 times per day during a considerable period. During the 
second experiment more phytoplankton was found in the control in which less 
zooplankton was present. Both observations are an indication of the large in-
fluence of zooplankton on the development of the phytoplankton. It was found 
that if grazing was less (after addition of 1 mg DCA.l ) larger cells domi-
nated the phytoplankton. This was also found in other experiments (Kuiper, 
1981a, Kuiper and Hanstveit, 1982) and by other investigators employing large 
enclosures (Takahashi et al., 1975; Grice and Menzel, 1978; Steele and 
Gamble, 1982). Thomas and Seibert (1977) found that when copepods were 
grazed by ctenophores later on in their experiment, larger cells became rela-
tively more important again. Ryther and Sanders (1980) varied the copepod 
population density in an enclosed plankton experiment and demonstrated that 
lower zooplankton densities led to the dominance of larger phytoplankton 
species. 
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The large number of copepods can also have a growth stimulating influence on 
the phytoplankton because they mineralize organic matter (cf. Cooper, 1973, 
Lehman, 1980). The increasing ammonia concentrations in the water during the 
first experiment point in this direction. Smith (1978) gives an ammonia 
regeneration rate by small zooplankton of 0.1 (Jmol. (mg dry weight) .h 
During the first experiment standing stocks of copepods varied from 40 to 400 
-3 -3 
rag.m . During the second experiment more than 1000 mg.m was present. 1000 
mg zooplankton per m3 would result in a remineralization of 2.4 pmol 
ammonia.1 .d , using the value of Smith (1978). Production of ammonia (and 
phosphate) by the copepods may explain the development of the concentrations 
of these nutrients. Unfortunately no estimates are at the moment available 
for the relative importance of bacteria and zooplankton in the mineralization 
processes in the enclosed system. 
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Summary 
The fate and effects of 4-chlorophenol (4CP) and 2,4-dichlorophenol (DCP) 
added to North Sea coastal plankton communities enclosed by large plastic 
bags, were studied in three experiments of 4 to 6 weeks duration. The biodé-
gradation of the compounds was studied in laboratory experiments using water 
from the enclosed ecosystems. 
_l 
4CP and DCP, added at initial concentrations of 0.1 - 1.0 mg.l , disappeared 
from the water in the enclosures in 5 to 23 days 4CP generally being the less 
persistent. Degradation rates were generally comparable to those found in 
laboratory tests with the same water. 4CP was removed by biodégradation, DCP 
probably by a combination of biodégradation, photodegradation and/or chemical 
degradation. Results indicated that biodégradation rates could be limited by 
lack of inorganic nutrients, leading to much lower degradation rates than 
would be expected from routine laboratory tests. Faster degradation after 
repeated addition of 4CP showed adaption of the bacterial community. 
_l 
Addition of 0.3 mg 4CP or DCP.l inhibited the phytoplankton growth rate 
_l 
slightly. 1 mg 4CP or DCP.l inhibited the phytoplankton, changed the 
species composition and also influenced the zooplankton. In two of the three 
_i 
experiments 1 mg DCP.l resulted in a temporary lowering of bacterial num-
bers following addition. 
In one experiment inhibitory effects were found after 4CP and DCP had disap-
peared from the water, pointing to the formation of a more toxic intermediate 
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during the degradation of these compounds. The laboratory tests also indi-
cated the formation of relatively stable intermediates. 
The concentrations causing effects in the different bag experiments were 
quite similar. This indicates that, although the development of the plankton 
communities during the different experiments was different, the concentra-
tions resulting in ecological effects are quite reproducible. 
KEY WORDS: experimental ecosystem, biodégradation, pollution effects, 
chlorinated phenols, phytoplankton, zooplankton, bacteria, 
North Sea. 
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INTRODUCTION 
A series of experiments to study the fate of model pollutants and their ef-
fects on structure and function of Dutch coastal plankton communities in 
plastic enclosures has been carried out (Kuiper 1982). In the initial expe-
riments heavy metals were used as model pollutants (Kuiper 1981a,b). The 
general aim of these experiments has been to develop a method which could be 
used in aquatic ecotoxicology to bridge the apparent gap between conditions 
in laboratory toxicity tests and the field situation. The aim of later 
research, partly reported here, was to investigate if the method can be used 
to study the influence and fate of organic compounds in enclosed natural 
plankton communities. 
The following compounds were used: 3,4-dichloroaniline (DCA), 2,4-dichloro-
phenol (DCP), 4-chlorophenol (4CP) and phenol. The choice of compounds was 
based on differences in the biodegradability of these compounds found in 
laboratory tests. The results with DCA, the most recalcitrant compound, were 
reported elsewhere (Kuiper and Hanstveit 1982). 4CP and DCP were tested in 
three experiments. The present paper presents the results of one experiment 
in detail. Results of two other enclosure experiments with 4CP and DCP will 
be used for comparison. 
Chlorinated phenols are potential pollutants in the field because of their 
importance as intermediates in the chemical industry (Mansour et al. 1975, 
Holcombe et al. 1982). They are also intermediates in the degradation of 
phenoxyacetic acid, some carbamates and other biocides such as pentachloro-
phenol (Mansour et al. 1975, Weber and Ernst 1978, Buikema et al. 1979, 
Alexander 1979, Baker et al. 1980). They are found in marine waters in 
_l 
concentrations of up to 9 pg.l (Buikema et al. 1979). 
A further objective of the experiments reported here was to compare the 
biodegradability of the compounds in the bags with that in simultaneous 
laboratory tests. Results of the laboratory tests were reported by De Kreuk 
and Hanstveit (1981) and Hanstveit (1982). 
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MATERIAL AND METHODS 
The construction of the bags and the operation procedures have been described 
in detail by Kuiper (1977, 1981a,b). The first experiment, reported here in 
detail, started on 19 March 1978 (called day 0) and lasted 42 days. 4CP and 
DCP were added in single doses on day 5 in initial concentrations of 0.1 and 
_l 
1.0 mg.l . Two bags served as controls. Both 4CP and DCP were purified by 
recristallization before use. To study possible adaptation of the bacteria 
a second dose of 4CP in the same concentrations was added to the appropriate 
bags on day 32. The second experiment started on 11 August 1978 and lasted 
28 days; the third experiment started on 25 August 1980 and also lasted 
28 days. In the latter experiments 4CP and DCP were added in concentrations 
_l 
of 0.3 and 1.0 mg.l on day 3 (2nd experiment) or day 2 (3rd experiment). 
During the 3rd experiment 4CP was added three times to one of the enclosures. 
At the start of each experiment the bags were simultaneously filled with 
1.5 m3 of natural seawater collected a few miles off shore. The bags were 
anchored near a raft in the harbour of Den Helder, The Netherlands. During 
the experiment the development of the phytoplankton, zooplankton and bacteria 
was measured, as was a set of physico-chemical parameters including nutrients 
(phosphate, ammonia, nitrate, nitrite, silicate), pH, light, temperature and 
concentrations of 4CP and DCP in water and sediment. To follow the develop-
ment of the phytoplankton chlorophyll concentrations, primary productivity, 
particle volume distribution and species composition were measured. Zooplank-
ton organisms were counted, and their biomass and production estimated by 
the procedures described by Kuiper and Hanstveit (1982). 
Zooplankton samples of 15.7 1 were collected at least twice a week, taking 
mixed samples from nearly the whole water column (0-2.5 m). Other samples 
were taken daily, as a rule at 9 a.m. at depths of 0.5 and 2.0 m. 
The methods by which the different parameters were measured are described 
by Kuiper (1981a,b) and Kuiper and Hanstveit (1982). The concentrations of 
4CP and DCP were measured by HPLC (TNO 1980, Kuiper and Hanstveit 1982) in 
samples which were preserved by addition of phosphoric acid. The eluents 
used were methanol/H20/H3P04 (500/500/10 for 4CP; 670/330/10 for DCP). The 
laboratory degradation tests were performed with water from the different 
enclosures as described by Kuiper and Hanstveit (1982). General conclusions 
from these tests will be used here for comparison with the model ecosystem 
data. 
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To study possible absorption and/or diffusion of 14C-labeled 4CP or DCP 
through the plastic foil model experiments of the type described for DCA 
by Kuiper and Hanstveit (1982) were carried out. 
RESULTS 
Fate of the added compounds. 
Figure 1 shows the concentrations of 4CP and DCP in the water during the 
first experiment. For the initial concentration of 0.1 mg 4CP.1 degradation 
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Fig. 1. Concentrations of 4CP and DCP in the water of the bags during the 
first experiment. 
_l 
took 16 days; a concentration of 1 mg 4CP.1 was degraded in 19 days. The 
second dose of 4CP on day 32 disappeared from the water in 11 days, but the 
pattern of the degradation curve (Fig. 1) was not the same as that of the 
first dose. DCP disappeared from the water in 8 to 23 days following roughly 
linear patterns. In both other experiments 4CP and DCP concentrations de-
creased in a similar way to that seen in the first experiment, a lagphase and 
a strong decrease in the case of 4CP, a nearly linear decrease for DCP. The 
rates of decrease differed between the experiments (Table I). 
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Table 1. Number of days after which 4CP or DCP had disappeared from the water 
of the enclosure. 
experiment 
1, 1st 
2nd 
2, 1st 
3, 1st 
2nd 
3rd 
dose 
ti 
dose 
dose 
M 
H 
low dose 
16 
11 
5 
8 
-
-
4CP 
high dose 
19 
11 
5 
8 
4 
2 
low dose 
8 
-
10 
15 
-
-
DCP 
high dose 
23 
-
10 
18 
-
-
4CP and DCP concentrations were measured in the sediment collected in sedi-
ment traps. The concentrations found were the same as those in the water, 
indicating that adsorption to particulate matter was not important. 
The diffusion experiments in the laboratory showed that after 64 days 2% of 
the added 4CP and 8% of the DCP had diffused through the foil. 0.02% of the 
added 4CP and 0.09% of the DCP was adsorbed to the foil. These data indicate 
that absorption and diffusion do not play an important role in the observed 
decrease of concentrations in the bags. 
Development of the phytoplankton. 
- first experiment -
In the week before the 1st experiment started, chlorophyll concentrations in 
the Marsdiep, the tidal inlet from which the water to fill the bags was 
-3 _3 
taken, had decreased from approximately 50 mg.m to 15 mg.m . Figure 2 
shows that this decrease continued in the enclosures. From day 5-10, just 
after the addition of the compounds, extremely low chlorophyll concentrations 
_3 
were measured (<0.05 mg.m ). The phytoplankton bloom preceding this minimum 
was generated by p-flagellates; diatoms were present in small numbers (JVitz-
schia longissima, LeptocyJindrus danicus, Skeletonema costatum, Melosira sul-
cata, Rhizosolenia setigera). After day 10 chlorophyll concentrations in-
creased due to growth of [j-flagellates (partly Phaeocystis poucheti), and 
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Fig. 2a. Chlorophyll concentrations in the controls and 4CP contaminated bags 
during the first experiment. 
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Fig. 2b. Chlorophyll concentrations in the controls and DCP contaminated bags 
during the first experiment. 
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Skeletonema costatum. Thereafter the development in all bags was no longer 
the same. In the controls and the bags which received 0.1 mg 4CP or DCP.l , 
maximum chlorophyll concentrations were reached around day 15, after which 
concentrations again decreased. In the meantime other p-flagellates had star-
ted to increase in numbers, and after day 18 chlorophyll concentrations in-
_3 
creased to a maximum of around 30 mg.m around day 40. 
_i 
After addition of 1 mg 4CP.1 deviating chlorophyll concentrations appeared 
after day 18 (Fig. 2a), after addition of 1 mg DCP.l" after day 25 (Fig.2b); 
the increase of chlorophyll seen in the other bags was inhibited 2-3 weeks 
after the addition of the compounds. A maximum was found around day 35, but 
chlorophyll concentrations remained low until the end of the experiment. 
Large flagellates were more important in the bags to which 1 mg 4CP or 
DCP.l had been added than in the controls. 
The concentration of particulate matter in the different bags as measured 
with a Coulter counter (size range 2.5-50 |jm diameter), generally showed the 
same pattern as that shown by chlorophyll concentrations, although only 5 
days after the addition of 1 mg 4CP.1 the amount of particulate matter was 
lower than in the controls from day 10-17. During this period the differences 
in chlorophyll concentrations between this bag and the controls were small. 
The differences in the species composition between the bags were shown 
clearly by the particle size distributions. Figure 3 shows the particle 
size spectra in the systems on day 40 as an example. 
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Fig. 3. Particle size distribution in the different bags on day 40 of the 
first experiment. 
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Carbon assimilation by the phytoplankton was measured at depths of 0.5 and 
2.0 m. The patterns in time correspond in general to those shown by chloro-
phyll and particulate matter. Depth and biomass were the main factors in-
fluencing the carbon assimilation in the systems. Carbon assimilation was 
higher at lower depth and higher biomass. To exclude the influence of bio-
mass, results were divided by the chlorophyll concentration; the resultant 
relative carbon assimilation at a depth of 0.5 m in the controls and the 4CP 
treated bags is shown in Figure 4. This relative carbon assimilation was in-
_l 
hibited after addition of 1 rag 4CP.1 between day 16 and 24. 
20 . relative carbon 
assimilation 
rngC. 4 /) ~ '. 
(mg chl)'1 
10 -
May-June 1978 
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A 0.7 rng^CP.r1 
A 1.0 ., 
time, days 
Fig. 4. The relative carbon assimilation at a depth of 0.5 m in the controls 
and 4CP contaminated bags during the first experiment. 
_l 
The results after addition of 1 mg DCP.l were remarkable in that the rela-
tive carbon assimilation showed the same pattern as in the controls indica-
ting that no inhibition took place. The similar carbon assimilation in the 
controls and the systems treated with DCP did not, however, result in the 
same phytoplankton increase. Apparently the doubling rate of phytoplankton 
cells, but not the assimilation rate, was inhibited after addition of 1 mg 
DCP.l" (cf. Kuiper 1981a). 
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Figure 5 shows the average concentrations of various nutrients during the 
first experiment in all bags (only minor differences were found between the 
different enclosures). Concentrations of phosphate and nitrate decreased 
Si + 
N03o' 
May-June 1978 
30 UO 
»- time (days) 
Fig. 5. Concentrations of selected nutrients in the bags during the first 
experiment. The average concentration over all bags for each sampling 
date is given. 
immediately after the start of the experiment, ammonia concentrations increa-
sed for the first two weeks as a result of mineralization of organic matter. 
The growth peak of diatoms around day 15 resulted in a decrease of ammonia 
and silicate concentration. Concentrations of nutrients remained low for the 
rest of the experiment (unfortunately ammonia determinations for the last 
weeks of the experiment were unsuccessful). 
- second experiment -
_1 
During the second experiment addition of 0.3 or 1.0 mg 4CP or DCP.l resul-
ted in a dose related delay of the first phytoplankton peak (Figure 6), which 
was formed mainly by Thallassionema nitzschioides and Rhizosolenia delica-
tula. Addition of 4CP and DCP also resulted in lower concentrations of sus-
pended particulate matter (size range 2.5-50 |Jm diameter), lower carbon as-
similation rates, and a delay in the consumption of nitrate, ammonia, sili-
cate and phosphate. After the chlorophyll minimum on day 9, concentrations 
again increased due to growth of Prorocentmm micans, P. scutellum, 
Nitzschia longissima and low numbers of p-flagellates. A maximum was reached 
in the control on day 17. In the bag which had received a dose of 1 mg 
_l 
4CP.1 a maximum of the same species was found on day 13, in the other 
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Fig. 6. Chlorophyll concentrations in the different bags during the second 
experiment. 
contaminated systems the phytoplankton development was similar to that in 
the control. At the end of the experiment the phytoplankton consisted 
mainly of p-flagellates and low numbers of Prorocentrum spp. No differences 
were found in the species composition between the different bags. 
- third experiment -
Figure 7 shows the chlorophyll concentrations in the controls and the con-
taminated bags during the third experiment. Soon after filling chlorophyll 
concentrations increased rapidly, reaching a maximum on day 4. This bloom 
was generated mainly by Leptocylindrus danicus and L. minimus and other 
diatoms, although P. poucheti also increased in numbers during these first 
days. This phytoplankton bloom collapsed and minimum chlorophyll values 
were reached on day 9 in the controls. Subsequently numbers of (j-flagellates 
and larger flagellates (Dinophysis acuminata, Prorocentrum micans, Exuviaella 
balthica) increased, and a second chlorophyll maximum in the controls was 
reached around day 18. At the end of the experiment the phytoplankton com-
munity consisted of |J-flagellates and some dinoflagellates. 
_i 
Addition of 0.3 mg 4CP.1 on day 2 resulted in slightly lower chlorophyll 
concentrations than in the controls on following days, later in the experi-
ment chlorophyll concentrations developed similarly to those in the controls. 
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Fig. 7. Chlorophyll concentrations in the different bags during the third 
experiment. 
_1 
The inhibitory effect of 1 rag 4CP.1 was more pronounced than that of 0.3 mg 
_i 
4CP.1 . 
_i 
After the 2nd addition of 1 mg 4CP.1 on day 16 chlorophyll concentrations 
decreased more rapidly than in the controls. 
The 3rd addition on day 24 did not result in a further decrease, but the 
_i 
species composition in the enclosure treated with 1 mg 4CP.1 differed 
markedly from that in the controls after day 20. In the polluted bag larger 
flagellates (P. micans among others) were relatively more numerous than in 
the controls. Coulter counts confirmed the microscopic observations. 
DCP did not influence the development of the chlorophyll concentrations 
directly after the addition (Fig. 7), although after day 14 differences were 
detected. In the bag treated with 1 mg DCP.l a bloom of Exuviae2!a balthica 
and |j-flagellates occurred, which was much higher than in the controls. Also 
_l 
after addition of 0.3 mg DCP.l E. balthica was more important than in the 
controls during this phase of the experiment. 
As in the first experiment larger cells were relatively more important after 
_l 
addition of 1 mg DCP.l compared with the controls. 
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Development of the zooplankton 
Calanoid copepods dominated the zooplankton in all three experiments. 
At the start of the first experiment Temora longicornis was the most impor-
tant species, whilst Centropages hamatus, Acartia clausi, Paracalanus parvus 
and Euterpina acutifrons were also found. In the controls all the calanoid 
species developed from nauplii, partly produced in the bags, to adults. 
T. longicornis remained the dominant species. 
Figure 8 shows the development of the biomass of the calanoid copepods in 
the different enclosures during the first experiment. After addition of 
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Fig. 8. Development of biomass of calanoid copepods (dry weight) in the dif-
ferent bags during the first experiment. 
0.1 mg 4CP or DCP.l copepods development was the same as in the controls. 
Addition of 1 mg 4CP or DCP.l obviously limited the development of the 
copepods. Figure 9 shows as an example the development of the nauplii, cope-
podites and adults of A. clausi in the controls and the 4CP contaminated 
_l 
bags. Addition of 1 mg 4CP.1 influenced all species. Up to day 17 numbers 
of nauplii were lower than in the controls, after day 17 numbers of nauplii 
of A. clausi and also of T. longicornis and P. parvus increased and remained 
higher than in the controls throughout the rest of the experiment. Numbers 
_i 
of all stages of C. hamatus were always lower after addition of 1 mg 4CP.1 
than in the controls. 
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Fig. 9. Development of Acartia ciausi in the controls and 4CP contaminated 
bags during the first experiment. 
_i 
Addition of 1 mg DCP.l first inhibited the increase of the copepods, and, 
later in the experiment, resulted in higher numbers of nauplii of T. longi-
cornis and P. parvus compared with the controls. Numbers of copepodites of 
A. clausi and P. parvus also showed a different pattern in time, compared 
to that in the controls. 
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Total secundary production by the copepods mentioned above, was estimated 
with the model of Fransz (1976). The results are shown in Figure 10. Pro-
_l 
duction is markedly reduced after addition of 1 mg 4CP or DCP.l 
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Fig. 10. Development of production (dry weight) of calanoid copepods in the 
different bags during the first experiment. 
The strong effects of the addition of 4CP seen in the first experiment were 
not seen in the second experiment. In this case the total biomass of the 
copepods was on the average only 20% lower than in the controls after addi-
_l 
tion of 1 mg 4CP.1 from day 7-20. The development of C. hamatus appeared 
to be delayed. In the other systems the development of the zooplankton was 
similar to that in the control. 
_l 
During the third experiment addition of 0.3 mg 4CP or DCP.l again resulted 
in a similar development of the zooplankton to that in the controls. After 
addition of 1 mg 4CP.1 the development of copepods (A. clausi, C. hamatus) 
was delayed, and later in the experiment higher numbers of nauplii were found 
in this system as compared with the controls (Figure 11). Addition of 1 mg 
DCP.l resulted in a marked inhibition of the copepod development as shown 
in Figure 12. Evidently secondary production was also limited. 
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Fig. 11. Numbers of nauplii of Acartia clausi in the controls and 4CP conta-
minated bags during the third experiment. 
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Fig. 12. Biomass of calanoid copepods (dry weight) in the controls and DCP 
contaminated bags during the third experiment. 
During the third experiment the cladoceran Podon intermedins developed in the 
bags reaching maximum numbers in the controls around day 17 (44 per litre). 
After addition of 1 mg 4CP or DCP.l numbers of P. intermedius remained much 
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lower (a maximum of 8 per litre was found on day 16 after addition of DCP, 
after addition of 4CP a maximum of 13 P. intermedius per litre was found, 
also on day 16). 
Development of the decomposers 
Figure 13 shows the numbers of bacteria in the controls and the DCP contami-
nated enclosures during the first experiment. The large amount of detritus 
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Fig. 13. Number of bacteria in the controls and DCP contaminated bags during 
the first experiment. 
and the decreasing phytoplankton bloom at the start of the experiment formed 
a suitable substrate, and bacterial bioraass increased during the first week 
of the experiment reaching a maximum in the controls around day 5. Addition 
of 4CP did not result in large differences with the controls. Bacterial 
numbers were lower after addition of 0.1 or 1.0 mg DCP.l , although a 
clear dose-effect relationship is not apparent. 
During the second experiment no effects on the bacteria could be detected 
after the addition of the chlorinated phenols. Bacterial numbers showed the 
_l 
same pattern in time in all bags with maxima at day 6 (28 x 105.ml ) and 
day 24 (16 x 10s.ml" ). 
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During the third experiment (Figure 14) numbers of bacteria increased in the 
controls to a maximum on day 9. From day 15 to the end of the experiment 
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Fig. 14. Numbers of bacteria in the controls and DCP contaminated bags during 
the third experiment. 
.1 -l 
numbers were around 15 x 1.05.ml . After addition of 4CP and 0.3 mg DCP.l 
a similar development to that in the controls was observed. After addition 
_l 
of 1 mg DCP.l lower numbers were found from day 4 - 1 0 . 
DISCUSSION 
- Fate of the added compounds -
In agreement with laboratory experiments (Lee and Ryan 1979, Baker and May-
field 1980, DiGironimo et al. 1979) 4CP generally disappeared faster than 
DCP from the water in the model ecosystems. In the first experiment, however, 
_l 
0.1 mg DCP.l disappeared faster than 4CP. 
Various processes can cause the decrease of 4CP- and DCP-concentration in the 
water. The decrease of 4CP concentrations in the second and third experiment, 
and also after day 20 in the first, shows kinetics which strongly indicate 
that the decrease was caused by biodégradation. The laboratory diffusion 
experiments showed that absorption and diffusion through the plastic foil 
of the enclosures was of minor importance. The initial slow decrease of 4CP 
during the first experiment cannot therefore be explained by diffusion. 
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Adsorption on settling particles is also improbable, because concentrations 
of 4CP (and DCP) in the sediment were the same as those in the water.(Photo) 
chemical degradation can occur (Buikema et al. 1979), although biodégradation 
during this first phase cannot also be excluded. A possible mechanism for 
such slow degradation of 4CP could be the delay of rapid adaptation of the 
bacteria to 4CP by the high concentrations of easily degradable, natural or-
ganic substrate in the first weeks of the experiment, favouring the develop-
ment of other bacteria. Other workers have also found that the presence of 
readily assimilated substrates may inhibit the formation and maintanance of a 
microbial flora capable of decomposing the more resistent compounds (Chou and 
Bohonos 1979, Atlas 1981). 
The effects of adaptation of the bacterial flora on the degradation rate was 
studied by repeated addition of 4CP during the first and third experiments, 
and by repeated addition of 4CP to samples from the bags in the laboratory 
tests. 4CP concentrations in the bags decreased immediately after the second 
additions, indicating the presence of an adapted flora. Results of the labo-
ratory tests pointed in the same direction. 
The degradation curves of DCP in the enclosures were in all three experiments 
roughly of a first order nature, and could be explained by photodegradation 
(Buikema et al. 1979, Crosby 1976) and/or chemical degradation (Baker and 
Mayfield 1980). In the simultaneous laboratory die-away tests, using water 
from the bags, degradation curves were obtained that indicated biodégradation 
of DCP (i.e. fast degradation after a lag phase, Hanstveit 1982). The lag 
phase was shorter when water was taken from the bag later in the experiments. 
This last observation indicates that biodégradation of DCP also played a role 
in the model ecosystems. A similar mechanism as given for 4CP could explain 
the slow biodégradation of DCP in the model ecosystem. 
Although the comparison of the results of the laboratory and semi-field ex-
periments was complicated because different analytical methods were applied 
(C14-method or specific chemical analysis of 4CP and DCP), the results of 
both tests were generally similar. 
During the first experiment, however, more than 10 days elapsed after the 
second addition of 4CP, before it had disappeared from the water, following a 
linear pattern. This was contrary to the expected fast exponential decrease, 
which was found in a laboratory experiment using the same water and carried 
out simultaneously (De Kreuk and Hanstveit 1981). A similar large difference 
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between the two methods, coinciding with the same linear pattern, was found 
after addition of phenol in another enclosure experiment (De Koek and Kuiper 
1981). These linear decreases in concentrations indicate that a factor, other 
than 4CP or phenol, limited the growth of bacteria degrading these compounds. 
The very low phosphate (< 0.1 [M) or nitrate (< 0.1 |JM) concentrations during 
the second phase of the experiments probably limited the growth rate of the 
bacteria (De Kreuk and Hanstveit 1981). In the simultaneous laboratory tests 
during the third experiment addition of nutrients increased the degradation 
rates. 
Limitation of biodégradation rates by low concentrations of inorganic nu-
trients has been reported by many authors (Atlas and Bartha 1972, Floodgate 
1979, Lee and Ryan 1979, Olivieri et al. 1978). In natural oligotrophic 
waters, like most marine waters, bacteria capable of degrading a compound, 
have to compete with other bacteria and the phytoplankton for these inorganic 
nutrients. Goldman et al. (1979) showed that in oligotrophic oceanic waters 
the phytoplankton can grow at maximum rates, indicating the ability of the 
phytoplankton to compete with bacteria at very low nutrient concentrations. 
Davis et al. (1977) found that the biodégradation rate of various oils depen-
ded mainly on the nutrient status of the sea water sample used in the experi-
ment. De Kreuk and Hanstveit (1981) showed that in winter degradation rates 
of 4CP were higher than in summer when nutrient concentrations were low, 
using water samples from a station 30 km off the Dutch coast in the North 
Sea. The finding that the degradation rate of a compound can be limited by4 
low concentrations of mineral nutrients is important for the extrapolation of 
results of laboratory biodégradation tests to the field. Laboratory tests are 
often performed in the dark, so that competition between bacteria and algae 
for nutrients is generally absent. Moreover, nutrients are often added in 
unrealistic large amounts to laboratory cultures (OECD 1981). For this 
reason, laboratory tests could easily overestimate the degradation rate in 
oligotrophic environments, such as most seas and oceans during a large part 
of the year. 
Another interesting observation during the first experiment was the strong 
effect of 4CP and DCP on the phytoplankton after a few weeks, at a time that 
these compounds had disappeared from the water. The formation of a more toxic 
intermediate during the degradation of these phenols is probable (cf. Stern 
1979). The water in the bags which had received repeated additions of 4CP was 
tinged yellow. The simultaneous laboratory experiments also indicated that 
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intermediates, not easily degraded, were performed. De Kreuk and Hanstveit 
(1981) showed that the degradation of 4CP, measured as 14C loss from the 
die-away culture, was not complete, but stopped at about 50% degradation. 
Generally, degradation via the ortho-cleavage of the aromatic ring results in 
complete mineralization (Evans et al. 1971, Loos 1976). The degradation of 
4CP can, however, also procède via the meta-pathway, which forms chlorinated 
catechols and 2-hydroxy-5-chloromuconicacid semi aldehyde as important end 
products (Knackmuss 1981, Janke and Fritsche 1979). The yellow colour found 
in both the laboratory and the enclosure experiments is characteristic for 
the last mentioned compound. Unfortunately, no samples were available at the 
moment that this hypothesis was suggested. Chromatography of samples from 
separate laboratory experiments also pointed to 2-hydroxy-5-chloromuconicacid 
semi aldehyde as a metabolite (Visscher, unpublished results from this labo-
ratory) . 
- Effects of the added compounds on the ecosystem -
As in former experiments plankton communities in duplicate bags developed 
similarly (Kuiper 1977, 1982), so that differences between the contaminated 
bags and the controls could be attributed to the added compounds. 
Initial high mortality and inhibition of the zooplankton resulted from the 
addition of 1 mg 4CP.1 in the first experiment. Addition of 1 mg DCP.l 
also inhibited the development of the copepods, but the effects were less 
severe than after addition of 1 mg 4CP.1 . During the third experiment 1 mg 
_i 
4CP or DCP.l limited the development of copepods and also of the cladocer 
P. intermedius, DCP giving the stronger effects. In the second experiment, in 
which 4CP and DCP were most rapidly degraded, copepod development was only 
slightly delayed after addition of 1 mg 4CP.1 
_l 
After addition of 0.1 mg 4CP or DCP.l in the first experiment no effects on 
phytoplankton or zooplankton could be detected. Directly after the addition 
_l 
of 0.3 mg 4CP or DCP.l in the second experiment the phytoplankton was 
slightly inhibited. During the third experiment addition of 0.3 mg 4CP.1 
again caused a temporary lowering of the phytoplankton biomass as compared 
_1 
with that in the controls, after addition of 0.3 mg DCP.l no effects on 
_1 
phytoplankton biomass could be detected.After addition of 1 mg 4CP or DCP.l 
the phytoplankton was influenced in all experiments. In the first experiment 
the phytoplankton was inhibited a few weeks after addition of 1 mg 4CP or 
DCP.l , at a time that the compounds could no longer be traced in the water. 
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From available information it can be concluded that around 0.3 mg 4CP or 
_l 
DCP.l the first effects can be detected within the enclosed plankton 
system. 
In both experiments in which the development of copepods was influenced by 
the additions, the species composition of the phytoplankton differed from the 
controls in such a way that larger species were found in the contaminated 
enclosures, having lower copepod populations. Although species dependent 
inhibition effects cannot be excluded, it seems more probable that size 
selective feeding of the copepods caused this change in the phytoplankton 
species composition. Such food chain effects were also found in previous ex-
periments (Kuiper 1981a, Kuiper and Hanstveit 1982). 
Other effects of the added compounds on interactions between trophic levels 
could be observed during the second and third experiments. During the second 
experiment temporarily lower numbers of copepods were found simultaneously 
with higher phytoplankton densities after addition of 1 mg DCP.l (Fig. 6, 
around day 13). The higher phytoplankton biomass found after addition of 1 mg 
DCP.l in the 3rd week of the third experiment (Fig. 7) was probably also 
the result of a lower grazing pressure (Fig. 11), and not a direct growth 
stimulation by the DCP addition. 
Table II summarizes the effects of 4CP and DCP in the different experiments. 
In spite of large differences between the experiments (different species 
composition, different physico-chemical conditions (temperature, light, 
nutrients, etc.), it appears that concentrations causing noticeable effects 
in the different experiments were very similar. The magnitude of the measured 
effects differed between the experiments. It appeared that when degradation 
was fast, as during the second experiment, the effects were less severe, 
illustrating the classical rule that both dose and persistance are important 
factors determining the toxicity of a chemical. 
Buikema et al. (1979) gave an excellent review of recent literature on the 
toxicity of phenolics. They state that effects of 4CP and DCP on algae have 
_l 
been found at concentrations of 10 mg.l . The concentrations of 4CP and DCP 
_l 
affecting animals ranged from 2 - 14 mg.l 
_l 
Telford (1974) found that 0.1 mg DCP.l increased the blood glucose level in 
three species of cray fish. McLeese et al. (1979) report a LC50 (96 h) of 4.6 
_i 
mg 4CP.1 to Crangon septemspinosa. Kobayashi et al. (1979) found a LC50 to 
_i _i 
goldfish of 9 mg 4CP.1 and 7.8 mg DCP.l . Erickson and Freeman (1978) 
_l 
found that concentrations of 1-8 mg 4CP.1 stimulated phytoplankton growth, 
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higher concentrations inhibited the algae. Holcombe et al. (1982) reported 
_l 
that 0.46 mg DCP.l reduced the survival of fathead minnows in a 28 d test; 
_l 
the 96h LC50 was 8.2 mg.l . In our laboratory LC50 (48 h) to Daphnia magna 
_i 
of 4CP and DCP were 6.5 and 5.1 mg.l , respectively. The LC50 (21 days) of 
the same chemicals to D. magna were 3.6 and 2.3 mg.l , respectively. 
The concentrations promoting effects in the model plankton systems are com-
parable and at most a factor 10 lower than results reported by other authors. 
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ABSTRACT 
During POSER (= Plankton Observations in Simultaneous Enclosures in Ros-
fjorden) natural plankton communities were studied, enclosed by large plastic 
bags, which were anchored in situ. Enclosures of different dimensions were 
3 
used, ranging in depth from 3 to 40 m, and containing 1.5-30 m of water. 
Thus it was possible to study the effects of the dimensions of the enclosure 
on the development of the plankton inside. 
The development of the phytoplankton in large enclosures was very similar to 
that in small enclosures during POSER, if we compare the mean values in small 
bags with those of the total mixed layer of the large bags. The large and the 
small enclosures had been filled simultaneously. Numbers of bacteria in small 
bags increased faster than those in the large enclosures, probably because of 
closer contact with the sediment. Copepod populations suffered high mortality 
in particular in the small bags. This mortality may have been influenced by 
the extremely cold weather prevailing during the experiment. 
It appeared that fluctuations in natural factors (temperature, light, 
nutrients, etc.) were much more important than the dimensions of the en-
closure for the plankton development. 
The application of enclosures to study the effects of pollutants on natural 
plankton ecosystems is discussed, and it is concluded that optimum dimen-
sions depend on the aim of the experiment , the number of trophic levels 
enclosed, the population density on these levels and on the species present 
on these levels. This means that, if marine phyto and zooplankton interactions 
3 
are studied in eutrophic waters, enclosures of 1-2 m are sufficiently large, 
and for practical reasons should be preferred over larger ones. In more 
3 
oligotrophic waters, enclosures with a volume of approximately 10 m are to 
be preferred, so that larger zooplankton samples can be taken. 
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1. INTRODUCTION 
To circumvent the methodological difficulties of usual experimental field 
work 'and some limitations of laboratory investigations, model ecosystems 
were used in experimental aquatic ecology to study aspects of ecosystem 
dynamics under semi-natural conditions (Vervelde and Ringelberg 1977, 
Menzel and Gase 1977, Menzel and Steele 1978). 
The aim of model ecosystem experiments was either of a rather fundamental 
character i.e. to test hypotheses or to study mechanisms which act in the 
system (Strickland and Terhune 1962, Parsons et al. 1977, Brockmann et al. 
1977, 1979, Parsons 1978, Sonntag and Parsons 1979, Grice et al. 1980), or 
related to more practical applications. In the latter case the aims differed 
as to measure and to explain the response of the ecosystem to stress by 
xenobiotic pollutants (Menzel and Case 1977, Reeve et al. 1976, Kuiper 1977b, 
1981, Davies and Gamble 1979, Grice and Menzel 1978, Marshall and Mellinger 
1980), perturbation by raise in temperature (Donze 1978) or eutrophication 
(Schelske and Stoermer 1972), to study the fate of chemicals in the eco-
system (Topping and Windom 1977, Wade and Quinn 1980, Lee et al. 1978) or 
to validate predictions based on theory or laboratory tests (Hueck et al. 
1978). 
In the marine environment natural plankton communities enclosed by large, 
flexible, translucent plastic bags have frequently been used as physical 
models for the natural ecosystem (for reviews see Kinne 1976, Reeve et al. 
1976, Menzel and Steele 1978, Davies and Gamble 1979, 1981, Kuiper 1981). 
Important aspects of these experiments are the replicability of experimental 
units in an experiment and the extent to which the model is representative 
for the real system. 
Unfortunately, replicability and representativity seem to be inversely inter-
related properties of experimental design (Gamble and Davies 1981). A mono-
species algal culture in the laboratory is not representative for most 
mechanisms acting in nature (e.g. competition, grazing, etc.), but the 
possibilities for replication are very large. On the other hand it can be 
stated that the ocean is the only representative for itself, though it is 
not replicable. 
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Two factors are of prime significance for experimental design: the duration 
of the experiment and the dimensions of the enclosure, both factors being 
related via the generation time of enclosed organisms and the rate of fouling 
of the walls. Optimal duration of (ecotoxicological) experiments was dis-
cussed by Grice et al. 1980, Kuiper 1981, and others. Concerning the size, 
and excluding very short-term experiments (1-2 days), enclosures of widely 
3 
different dimensions have been used (0.3 - 16.000 m ) to study natural 
plankton. In a field of applied research, such as ecotoxicology, enclosures 
as small as possible are preferred in terms of convenience of experimental 
handling, of possibilities of replication, and costs (Davies and Gamble 1979). 
Experiments with marine plankton communities in large (Takahashi et al. 1975, 
3 3 
68 m ) and relatively small enclosures (Brockmann et al. 1977, 3-4 m ; 
3 
Kuiper 1977a, 1;5 m ) showed that the development of bacteria, phytoplankton 
and zooplankton replicated sufficiently for periods up to 4-8 weeks so as 
to detect effects of pollutant by comparison with non-polluted controls. 
Possibilities for replication decrease, however, with increasing enclosure 
size (Gamble and Davies 1981). It is not clear which aspects of the represen-
tativity are lost, when smaller enclosures are used in comparison with large 
ones. 
One of the aims of POSER was to intercompare the development of plankton 
ecosystems in enclosures of different dimensions. The depth of the enclosures 
used varied from 3 to 40 m, thus they included only a part of or more than 
3 
the euphotic zone. The contents of the enclosures varied from 1.5 to 30 m . 
So as to study possible differences in the reaction to pollutant stress of 
the communities enclosed, in two experiments mercury (II) chloride was added 
to some of the bags. Effects of these mercury additions are reported separately 
(Kuiper et al. 1981). No relevant differences were detected between the effects 
of mercury on plankton communities in enclosures of different dimensions. In 
this paper a comparison will be presented between the development of the 
plankton in unpolluted large and that in unpolluted small enclosures. 
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2. MATERIAIS AND METHODS 
The general set-up of POSER was given by Brockmann et al. (1981a). 
Two experiments were performed in which relatively small bags (depth 3 m, 
3 3 
volume 1.5 m ) and large ones (depth 40 m, volume 30 m ) were filled 
simultaneously. On 6 March 1979 the first experiment was started (POSER I). 
Six small bags were simultaneously filled with a Vanton Flex-i-liner pump 
(Kuiper 1981b), the inflow hose of the pump being displaced from a depth 
of 20 m to 0.5 m during pumping so as to correct for zooplankton patchiness. 
At the same day four large bags were filled, the method being used as de-
scribed by Brockmann et al. (1981b). Mercury was added to some of the bags 
on 8 March. 
In the bags and the fjord the developments of the phytoplankton, zooplankton 
and the bacteria were monitored, as well as a set of physico-chemical para-
meters influencing the development of the biota (nutrients, pH, temperature, 
salinity, incident light). Sampling methods and analytical methods were de-
scribed by Brockmann et al. (1981b) and Kuiper et al. (1981). A detailed 
account of physical, chemical and biological variations in the fjord was 
given by Brockmann et al. (1980). 
During the first week of the experiment weather conditions were very bad 
and on 12-13 March strong currents were present in the fjord. These currents 
caused a total exchange of water masses in the Btfrtfy Bight (Brockmann et al. 
1980). As a result, direct comparisons between the plankton development in 
the bags and those in the fjord (a second aim) were difficult and the experi-
ment was stopped. 
A second experiment was started on 16 March (POSER 2). This time 7 small bags 
3 3 
(1.5 m ) and two large bags (length 20 m, volume 15 m ) were filled. Some 
bags received either additional nutrients or mercury, or both; two small sys-
tems and one large one were monitored without any additions (cf. Kuiper et al. 
1981). The same parameters were measured as during the first experiment. 
During POSER 34 enclosures were launched. Results of some of them will be 
used here for comparison with results obtained from the experiments described. 
Details about the various enclosure experiments are summarized in Table I. 
A9-5 
Table 1 Starting days, dimensions and duration of various enclosure 
experiments during POSER referred to in this paper. 
experiment 
POSER 1 
POSER 2 
Norwegian 
control 
German 
controls 
bag 
code 
11 
12 
18 
19 
21 
22 
24') 
25') 
28 
C 
U 
V 
NC 
B6 
CC 
DD 
dimensions 
depth 
(m) 
3 
3 
40 
40 
3 
3 
3 
3 
20 
15 
40 
40 
10 
40 
40 
40 
contents 
(m3) 
1.5 
1.5 
30 
30 
1.5 
1.5 
1.5 
1.5 
15 
11 
30 
30 
7.5 
30 
30 
30 
starting 
day 
6 March 
u 
M 
M 
16 March 
u 
it 
ti 
n 
6 March 
3 March 
4 " 
8 " 
19 " 
21 " 
22 " 
duration 
(days) 
8 
8 
8 
8 
20 
20 
20 
20 
10 
29 
12 
9 
27 
18 
16 
10 
1) All enclosures in this Table refer to natural plankton popu-
lations as harvested during the experimental period. 
Additional nutrients were added to bags 24 and 25, which was 
not so in the other experiments cited. 
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3. RESULTS 
PHYTOPLANKTON AND NUTRIENTS 
During POSER 1 phytoplankton concentrations in all bags decreased in the same 
way as in the fjord; this was probably due to the settling of cells. 
Concentrations of reactive silicate, in two small and two large bags 
(U and V ) , are shown in Fig. 1. These concentrations remained constant during 
this period. In the large enclosures, the stratification remained undisturbed; 
the small bags were not stratified. In the different bags the other nutrients 
showed the same pattern with time. The phytoplankton was probably not active 
and no important differences could be detected between the different enclosures. 
123 1U3 
depth. m 3 
3S 
::i::;:::z::i:: 
'WMWtZMMs 
bag U 
!rm<3.0 
S 30-1.0 
ZZZ'UO 
[jmot St I 
bag V 
HID* 3.0 
5 3.0-iO 
tZ2">0 
fjrrtot Si I 
depth, m 
: ^ / ^ bag 12 
0 
1 
2 
3 -I ^ 
73 93 11.3 
ZZZ3 2.9-30 fimol Si I'' 
Fig. 1 Development of concentrations of reactive silicate in two 
large and two small enclosures during the first part of 
POSER. 
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The development of average chlorophyll concentrations during POSER 2 in two 
small enclosures (Nos. 21 and 22) and in one large enclosure (No. 28) is shown 
in Fig. 2. For the large bag the average concentration is presented in the 
30 
chlorophyll,mg m • 
- \ \ 
\ 
POSER 2 
„ large control 28 10- 10m) 
, 10- 3m) 
a small .. 21 
» „ 22 
° CC 10-10m) 
• CC 10- 3 m) 
—.^ / 
IS 20 
^- time, days 
Fig. 2 Development of chlorophyll concentrations in enclosures 
during POSER 2. 
upper 10 m; in this layer the bulk of primary production occured (Jahnke pers. 
comm.). After the bags had been filled, chlorophyll concentrations decreased 
owing to the settling of phytoplankton cells. After the third day in the 
small and the fourth day in the large bag, chlorophyll concentrations increased 
owing to growth of diatoms, of which Thallassiosira nordenskioldii was the 
dominant species. Chaetoceros debilis and Ch. borealis also increased in num-
bers in this period. In all bags maxima were reached around the 10th-llth day 
(27 March), after which chlorophyll concentrations decreased again. The aver-
age concentrations in all bags were about the same . 
In Fig. 2 the average chlorophyll concentration in bag CC is also indicated. 
Bag CC was filled some days later than the others. For this enclosure the 
mean values of the upper depths corresponding to the small bags are also 
presented so as to compare the development at different depths. In the large 
bags the chlorophyll concentrations near the surface showed a development 
differing very much from that in the small bags or from the average of the 
upper 10 m of the large bags. 
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In bag BB a maximum could also been found on the 10th day; this maximum was 
generated by the same diatoms as in the other enclosures. 
Two small bags, also filled on 16 March, were spiked with nutrients (Nos. 24 
and 25, 8 ugat N0..1 , 1.5 ugat P0..1 and 5 pgat Si.l" , see Kuiper et al. 
1981 for details). Fig. 3 shows the development of chlorophyll concentrations 
in these bags and in one large bag (C), filled with nutrient-rich water on 
6 March. In the nutrient-spiked bags a bloom occured of the same diatom 
species as in the other bags, with a maximum in both bags around the 11th day. 
It was remarkable that a bloom of the same species was found in bag C, although 
it was filled much earlier with different water. 
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Fig. 3 Chlorophyll concentrations in two nutrient-spiked small 
bags and one nutrient-rich large enclosure during POSER 2. 
Fig. 4 shows the development of silicate and phosphate concentrations in two 
small (Nos. 21 and 22) and two large bags (No. 28 and CC). 
The growth of diatoms caused a decrease of silicate concentrations. This de-
crease was faster in the small bags than in the large bags, but it was never 
observed in bag CC neither at its surface nor within the upper 10 m. The 
phosphate concentrations in bag CCwith which the experiment had been started 
later,were lower at the surface and increased during the experiment. 
In particular in the small bags, phosphate concentrations showed stronger 
fluctuation than within bag CC. 
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Fig. 5 Primary production per mg of chlorophyll in the small 
bags, average of two bags with and without nutrients 
added during POSER 2. 
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Fig. 5 shows the primary production per mg chlorophyll in the small bags on 
different depths during POSER 2. Inhibition of primary productivity by high 
light intensities near the surface, which could be a disadvantage of small 
bags, was not found. Rates of primary production in bags 21 and 22 are clearly 
limited by low nutrient concentrations. 
ZOOPLANKTON 
During POSER 1 the initial conditions in the small and large bags were very 
similar, calanoid copepods being the most important. During the experiment, 
numbers of copepods seemed to remain constant in the unpolluted bags, but 
the experiment was too short to allow conclusions on possible differences 
between the bags. 
At the start of the second experiment the zooplankton community resembled 
that of the preceeding period. Nauplii of Calanus finmarchicus were the most 
important in numbers. Apart from C. finmarchicus, Acartia clausi, Centropages 
hamatus, Pseudocälarius elongatus, Oithona similis and an unidentified 
harpacticoid copepod were found. Nauplii were most abundant. Fig. 6 shows 
the total number of copepods in two small (21 and 22) and one large (28) bag 
during the experiment. 
15.000 
5.000 
number of 
copepods per m^ 
0 
16 March 
' rime, days 
Fig. S Total number of copepods (all stages) in two small and 
one large enclosure during POSER 2. 
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Table 2 shows the species composition and the number of organisms in the same 
bags on selected days of the experiment. In all bags the numbers of copepods 
decreased; in the large bag total numbers decreased with approximately 20% 
per week, the mortality in the small bags was even larger (> 50% per week). 
Table 2 shows that in the large enclosures, declining numbers were primärly 
caused by mortality of nauplii of C. finmarchicus. In the small bags all 
species suffered high mortality, although the numbers of 0. similis were 
too low to allow conclusions. 
Table 2 Numbers of copepods in large and small bags on selected days 
during POSER 2. The bags were filled on 16 March 1979. 
(Numbers per m3, n = nauplii, c = copepodites, a = adults). 
bag 
^ ^ d a y 
species ^ ^ - ^ ^ 
T. longicornis 
A. clausi 
-
C. hamatus 
C. finmarchicus 
0. similis 
others 
total 
n 
c 
a 
n 
c 
a 
n 
c 
a 
n 
c 
a 
n 
c 
a 
large 
1 
400 
10 
30 
1050 
50 
10 
650 
110 
-
9700 
140 
-
150 
100 
-
10 
12410 
(28) 
12 
250 
50 
10 
800 
-
-
400 
240 
-
5450 
790 
-
-
50 
10 
40 
8130 
small (21 and 
1 
663/ 612 
102/ 51 
-/-
816/ 510 
204/ 153 
-/-
1224/1122 
204/ 51 
-/-
5714/4847 
-/ 51 
-/-
-/ 51 
51/ 102 
-/-
205/205 
9233/7805 
12 
153/255 
-/102 
-/-
561/459 
-/-
-/-
204/255 
51/102 
-/-
612/357 
51/-
-/-
-/ 51 
-/-
-/-
51/-
1683/1683 
22) 
19 
-/-
-/-
-/-
153/153 
-/-
-/-
153/ 51 
-/ 51 
-/-
102/ 51 
-/-
-/-
-/-
51/-
-/-
-/ 51 
765/357 
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In the fjord, numbers remained more or less constant. Development of the 
copepod nauplii into larger stages could not be detected in the fjord because 
the water masses exchanged during the experimental period. In the large en-
closure No. 28 numbers of (small) copepodites of C. finmarchicus increased 
3 
gradually from 140 to 790 m during 12 days. Apparently the larger nauplii 
did develop very slowly into small copepodites. 
BACTERIA 
During POSER 1 total numbers of bacteria (epifluorescence counts) increased 
in the small bags from 2.5 to 5 x 10 .ml in six days (see Kuiper et al. 1981). 
Too few samples are available from the simultaneously filled large bags to 
allow any conclusions. In bag U, however, numbers of colony forming units 
(CFU) increased from 600 to 2000.ml during the first week of enclosures; 
after this week numbers decreased again. A similar increase in the number of 
CFU was observed in bag V, filled in the same period (Hentzschel pers.comm.). 
In bag C the numbers of CFU increased by a factor 10 during the first ten 
days of the experiment, the increase in the total numbers as estimated with 
the epifluorescence technique being somewhat smaller. It seems that during 
the first period of POSER bacteria develop rather similarly in the different 
enclosures. 
Fig. 7 shows the number of bacteria in small and large enclosures (Nos. 21, 
22 and 28) during POSER 2. In the small bags the number of bacteria increased, 
but in the large bag, numbers were more or less constant. In other large bags 
available for comparison (BB and CC), numbers of CFU showed a slight increase 
with time, two clear maxima occuring around 24 and 31 March in both enclosures 
(Hentzschel pers. comm.). Comparison with the epifluorescence counts is 
difficult, however, because a changing proportion of the total number found 
may be colony forming. 
number of bacteria, /' 
AW 
Fig. 7 
Number of bacteria in two 
small bags and one large 
enclosure during POSER 2. 
POSER 2 
large control 28 
small control 21 
.. 22 
• time .days 
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4. DISCUSSION AND CONCLUSIONS 
Menzel and Steele (1978) argued that the optimum size of an enclosure depends 
on the number of trophic levels. They stated that "the most likely acceptable 
3 
volume to avoid adverse complications (like fouling) is 30 m ". The choice 
of this volume was not further argumented. If carnivorous zooplankton is 
3 . included it is assumed that a minimum of 100 m is necessary. 
Case (1978) indicated that the objective of the experiment is also an impor-
tant factor in dimensioning an enclosure. We will discuss the development 
of the plankton community on the various trophic levels in relation to en-
closure size. 
PHYT0PLANKT0N 
In the experiments reported here no principal differences were found between 
the development of the phytoplankton in large and small bags when comparing 
the mean values of small bags and those of the total mixed layer of the large 
bags. This similarity was probably caused by the remineralization in the 
small bags where the biomass could not leave the region near the surface and 
by diffusion and remineralization from the lower depths in the large enclosures. 
The differences of phytoplankton development in the corresponding depths 
(Fig. 2) are caused by sedimentation of elements bound to particles out of 
the surface region in the deep enclosures (Fig. 4). This interpretation is 
also supported by the nutrient measurements (see below). 
During POSER 2 an increase in diatoms occurred in all bags, and the species 
composition of these blooms was very similar. In the fjord and in the bags to 
which nutrients had been added, the same species were found. The species 
composition was expected to be one of the first parameters which would be 
influenced by a stress exerted by containment in a bag. 
Another indication for the absence of a dominant bag influence was that 
the diatom bloom around 27 March occurred in nearly all bags filled with 
natural plankton, irrespective of the day of filling. Even in bag C, filled 
on 6 March, a diatom bloom of Th. nordenskioldii, Ch. borealis and Ch. debilis 
could be observed around 27 March (3 weeks after filling). These findings 
indicate that natural factors like light, nutrients, temperature are regulating 
the development of the enclosed phytoplankton. The development in bags ranging 
3 
from 1.5-30 m appears to be quite natural. The factors initiating the bloom 
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probably can be found in the raising water temperature and the increasing 
light conditions (see Brockmann et al. 1981c this volume). 
In the experiments reported here, surface inhibition of primary production 
was not found. The primary productivity on depths of 0, 0.5, 2 and 3 m 
was very similar. Jahnke measured primary production in the fjord at depths 
of 0, 3, 10 and 20 m. He neither observed surface inhibition; he found an 
average relative carson assimilation of 2.37 mgC.(mg chl) . (6 hrs) 
(N = 32, s.d = 1.33) at depths of 0 and 3 m. Surface inhibition could limit 
application of enclosures having low depths, although in these cases a 
perspex cover, absorbing most of the light < 300 nm, would largely prevent 
this inhibition (Brockmann et al. 1974). 
During the first part of POSER the phytoplankton was probably inactive, and 
nutrient concentrations remained constant in small and large bags. During 
POSER 2 nutrient concentrations in the large bags increased or at least 
decreased more slowly than in the small bags (Fig. 4). This can firstly 
be attributed to lower rates of nutrient comsumption by the phytoplankton, 
owing to the inhibition of primary production at greater depths by lack 
of light and secondly to nutrient diffusion coming up to the mixed layer 
from nutrient-rich layer below 10 m depth (Kattner et al. 1981). This latter 
assumption is supported by the strong increase of silicate compared to 
phosphate in enclosure CC caused by the late phase dominating dinoflagel-
lates (Jahnke et al. 1981) utilizing phosphate but no silicate. 
In experiments with the explicit aim to study the light dependence of 
several processes, deep enclosures are necessary, but for ecotoxicological 
experiments this difference in the rate of nutrient consumption does not 
seem to be relevant. The effect of this difference on the phytoplankton 
could be that maxima of blooms are reached earlier in small enclosures 
than in the large ones. 
ZOOPLANKTON 
Calanoid copepods formed the most important part of the zooplankton during 
POSER. C. finmarchicus dominated the community, a thing which is very usual 
in the northern North Sea and the waters of the Norwegian current (Furnes 
1976, Mathews 1978). Nauplii were most abundant, which shows that the spring 
increase had started, since C. finmarchicus hibernates in the copepodite 
stage V in these waters (Mathews 1978). 
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During POSER numbers of nauplii did not increase and, if at all, they 
developed very slowly into larger nauplii. Apparently the extraordinary 
low temperatures (Kolsted 1973) limited the further development of copepods, 
although appropriate food was available. Colebrook (1979) found a similar 
situation of a normal phytoplankton spring bloom and a delayed development 
of copepods in the very cold waters off Greenland and the Grand Banks region 
in the northern Atlantic. 
During the short POSER 1 experiment, numbers of copepods seemed to remain 
constant in the bags during the first six days. In the bags and the fjord 
the same species and stages were found. During the second experiment numbers 
of copepods declined in all bags. In the large bag the rate of decrease 
(20% per week) seems to be too high as regards for natural conditions, since 
predators were not observed. The mortality in the small bags was certainly 
related to the size of the enclosure. 
In the small bags, all species decreased in numbers. This is remarkable, 
since in experiments with enclosed plankton from Dutch coastal waters 
(Kuiper 1977a, b, 1981b) or from Heligoland (Brockmann et al. 1977), partly 
the same species were present as in the B«Sr«Jy Bight and in those experiments 
they developed at a rate comparable to that in the open North Sea (Kuiper 
1977b). This indicates that the high mortality observed during POSER is 
not a general property of the relatively small volume, and the reasons must 
probably be found in the extreme temperatures of the upper water layers 
(-1 -2 C). Krause (pers. comm.) found maximum densities of C. finmarchicus 
and P. elongatus in the B«Srj5y Bight at depths of 40 m. The figures of 
Grice et al. (1977) on the patchy distribution of zooplankton in large 
bags, with nearly all the nauplii near the bottom , also point to the 
possibility that the organisms wanted to swim downwards. In the small bags 
this downward migration may be stimulated by the water in the upper layers 
that was relatively less shaded and colder than that in the deeper, large 
3 
bags. In much larger bags as used in the CEPEX programme (100-1300 m ) 
sometimes unexplained decreases in numbers of copepods were also found 
(Davies and Gamble 1979, Reeve and Walter 1976, Parsons et al. 1978). 
Another drawback of the small bags in Btfrtfy Bight was related to the low 
density of the zooplankton. Removal by sampling of more than 5% of the zoo-
plankton per week had to be avoided, and therefore the numbers of organisms 
in the samples from the small bags were low. Low numbers increase the error of 
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the measurements, and therefore make discrimination between treatments more 
difficult. 
BACTERIA 
During POSER 2 the numbers of bacteria increased more strongly in the small 
bags than in the larger ones. This seemed also the case during the first 
experiment. This may be caused by the fact that in the small bags dead 
phytoplankton does not settle to a great depth, but remains in close con-
tact with the upper water layer. Therefore, in the small bags the bacteria 
in the water may react more directly to changes in the phytoplankton than 
in the large bags. This immediate reaction of bacteria in the water column 
may speed up the regeneration of nutrients, which are directly available 
for phytoplankton growth. In experiments were most nutrients are regen-
erated by bacteria the rate of succession of phytoplankton may therefore 
be faster in small enclosures than in a larger one. In ecotoxicological 
experiments this does not seem a disadvantage. 
ADVANTAGES AND LIMITATIONS OF DIFFERENT SIZES 
Kuiper et al. (1981) discussed the effects of mercury added to enclosures 
during POSER. They showed that the results were very similar in large and 
small bags. Even smaller enclosures were used to study the effects of 
pollutants on natural plankton; Lacaze (1974) and Horstmann (1972) obtained 
useful results, when they studied phytoplankton reactions after perturbation 
in 600 1 and 300 1 enclosures, respectively. 
Marshall and Mellinger (1980) studied the effects of cadmium on the develop-
3 
ment of freshwater plankton enclosed in 8 1 and 150 m over three weeks, in-
cluding zooplankton in both cases. The stated that the effects of enclosing 
on Lake Michigan plankton after three weeks (at optimal depths) were rela-
tively small. 
Barica et al. (1980), also working in a freshwater system, used enclosures 
3 
of 9 and 230 m . They showed that in enclosures of both sizes for several 
months the development of the phytoplankton was similar to that in the 
lake. 
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In various experiments the development of enclosed marine communities was 
compared to that in the external environment to study the extent of represen-
tation of the experimental design (Davies et al. 1975, Takahashi et al. 1975, 
Gamble et al. 1977). Available information suggests that the development of 
a plankton community inside a plastic bag is at least qualitatively similar 
to that of the free community during periods up to four weeks (Menzel and 
Steele 1978). It is also clear that important differences exist between a 
free and an enclosed community (in the latter: less turbulence, no advection 
of new species, only small scale patchiness) which must have an 
important influence on a longer time scale. Even in the very large enclosures 
3 
employed by Lund (1972, 16.000 m ) the plankton community diverged from the 
free community after several months. 
As regards to the phytoplankton Menzel (1977) reported that similar patterns 
3 
of succession were obtained in A 1 flasks and 68 m enclosures, suggesting 
that small scale laboratory experiments with natural phytoplankton assemblages 
can be used with some confidence to predict events at the phytoplankton level 
in much larger systems. Experiments with continuous cultures when natural 
assemblages of phytoplankton were used pointed in the same direction 
(DeNoyelles et al. 1980). An essential advantage of larger enclosures, i.e. 
the possibility of studying the interactions between trophic levels, dis-
appears, however, when these much smaller enclosures are employed. Again it 
depends on the aim of the experiment which experimental set-up can be chosen. 
Apart from drawbacks, such as limited possibilities for sampling sparse 
populations (carnivorous zooplankton), limited extent of representation for 
3 
deep, stratified waters, etc. small bags (1.5 m ) also present advantages 
over large enclosures. When we use very large enclosures it is very difficult 
to start with identical plankton communities (Case 1978, Parsons et al. 1977, 
Takahashi et al. 1977), which is essential if the development in various bags 
has to be compared. 
Further the plankton distribution in very large enclosures is very patchy 
(Takahashi et al. 1975, Grice et al. 1977, Davies and Gamble 1979). This 
patchy distribution makes the interpretation of data difficult, unless very 
many samples are taken. 
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The most serious drawback of using bags in plankton research is the much 
lower turbulence and consequent lower mixing inside a bag as compared with 
the turbulence in natural waters (Verduin 1969, Takahashi and Whitney 1977, 
Steele et al. 1977, Menzel and Steele 1978, Davies and Gamble 1979). This 
lower turbulence influences, for instance, the sinking rates of phytoplankton 
and therefore influences the development of the total system (Steele and 
Henderson 1976). One consequence of the low mixing rate is that in very 
large bags addition of nutrients is necessary to keep primary production 
going. Nutrients which are mineralized in the sediment of the bags do not 
return to -the upper layers, where most of the primary production occurs. 
Artificial addition of nutrients is a drawback since it renders the system 
more unnatural and since effects of added chemicals on the mineralization 
process cannot be studied on the enclosed system as a whole. 
Sometimes the contents of a bag are artificially mixed (Parsons et al. 1977a, 
Strickland and Terhune 1961, Brockmann et al. 1974, Sonntag and Parsons 1979), 
but the mixing of very large containers appears to be a problem (Sonntag 
and Parsons 1979). In small enclosures mixing is easier and partly the result 
of sampling activities. 
Another drawback of large and deep enclosures is that they are much more 
vulnerable to changes in the salinity of the surrounding water (Case 1978, 
Grice et al. 1977, Kremling et al. 1978, POSER results) limiting general 
application in many marine waters.-
Grice and Menzel (1978) stated that results of the mercury experiments with 
3 3 
1300 m enclosures showed that the limitations of the smaller 68 m bags 
had been largely overcome; they pointed to the ready development of zoo-
plankton in these very large containers, in contrast with declining popu-
lations in earlier experiments, which were caused by the presence of preda-
tors. However, in the foodweb experiment (Grice et al. 1980) herbivore 
3 
predators in the 1300 m enclosures again dominated the system for a long 
time. 
Finally large enclosures make the provision of many replicates, which is 
desirable in ecotoxicological experiments, more difficult and costly (Davies 
and Gamble 1979). When smaller bags are used, experimental handling and inter-
pretation of the data is easier and costs are lower. 
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The optimum dimensions of enclosures in plankton research are related to the 
aim of the experiment, the number of trophic levels, the population density 
at these levels and the species present at these levels. For ecotoxicological 
experiments with plankton communities, excluding fish and other larger 
3 . . 
carnivores, enclosures with a capacity of 1 - 2 m appear to be sufficiently 
large in eutrophic waters like Dutch coastal waters, with their relatively 
high zooplankton densities. In more oligotrophic waters, like those in Btfrf£y 
Bight, larger bags are preferred to allow sufficiently large zooplankton 
3 
samples. Enclosures containing about 10 m seem to be large enough in these 
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